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Abstract
3D printing has revolutionised traditional manufacturing methods, open-
ing up and distributing design and production of low cost, custom objects
to virtually anyone. Tailoring of print material and part geometry al-
lows for the benefits of this technology to reach multiple engineering and
scientific fields, given appropriate design.
A multidisciplinary approach concerning development of new print ma-
terials and methods was undertaken with the aim of further expansion
and application of 3D printing towards electrochemical applications. Spe-
cific requirements of materials used in this domain, such as conductivity
and chemical stability, led to development of functional printable carbon
composites, compatible with consumer grade 3D printers. This allows
facile production of cheap, reusable, disposable, electrodes for analytical
applications, demonstrating heavy metal detection in aqueous media and
allowing further tailoring to specific applications to be easily implemented.
A new method for printing of cellulose solutions was developed, with post
processing of printed parts resulting in biocompatible, porous, conductive
structures. When used as electrodes in microbial fuel cells, improved
power and current output over traditionally used carbon cloth electrodes
was achieved.
Other developments resulting from this work applicable to other fields
include a novel trajectory generation method based on exponential func-
tions which can be applied to practically any robotic system, as well as
improvements to the production process of metal alloy filaments for 3D
printing of metallic components.
Chapter 1
Introduction
Electrochemistry plays a major, often unnoticed, role in our everyday lives. The
relationship between chemical reactions and electricity governs everything from power
generation in a battery to our very own five main senses. Chemical reactions can result
in production of electrical signals or power, conversely, the application of electricity
can result in reactions that would not normally occur by themselves. Devices and
components used in the study of this field are typically limited to lab based equipment,
with associated electronics and sensing devices for example typically manufactured
in bulk via lithography or other common industrial methods.
Additive manufacturing or 3D printing (AM, 3DP) has received vast interest over
the past few years, resulting in rapid developments within many other different fields
and applications. Initially the technology was confined to the manufacturing of simple
shapes primarily used for rapid prototyping of small, solid objects. In cases where in-
dividual one-off components for demonstrations or to-scale models would be required,
costs of tooling and machinery for such production is prohibitive; 3D printing such
parts however is a much more time and cost effective approach, with minimal waste
production due to the additive nature and fast turnaround times for subsequent part
iterations.
3D printing thus allows for bespoke devices with intricate geometries to be quickly
designed and produced at low cost, with a wide variety of available printing methods
and materials offering previously unattainable levels of customisation. It can now be
used towards partial or even complete fabrication of electronics, solar cells, actuators,
and even bio-compatible materials used as scaffolds or in drug delivery. The scale
of these devices has also steadily been decreasing; it is now possible to manufacture
devices using this technology on the micro or even nano scale [1, 2, 3, 4].
There is often a requirement to be able to carry out small lab experiments outside
of an actual lab with limited equipment, where a miniaturised device can be used
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to quickly give a result, allowing for further action to then be taken accordingly.
A common example of such a scenario is the assessment of the blood-glucose level
in a diabetes patient. Such a device can be called a Lab-on-a-Chip (LOC) device;
it effectively allows for a typical lab experiment to be carried out using the chip.
Apart from the obvious advantages of being able to carry out the experiment nearly
anywhere and anytime, such devices are typically very small, meaning that they
require very little material and low sample volumes. Depending on the way they
function, these devices can also be attributed to a domain known as microfluidics.
Microfluidic devices are those that deal with small volumes of fluids, from µL down
to fL. The devices are usually also characterised by the microfluidic channels in their
construction. Fluid in micro-channels will flow without turbulence (laminar flow)
due to the dimensions of the device allowing for low Reynold’s numbers. The minute
amounts of fluid and precise control allows for high resolution analysis, which is of
particular use in molecular biology, when analysing proteins or DNA chains. Other
fields include applied biochemistry; analytical devices could be used on samples taken
from a war-zone to test for the use of chemical or biological weapons, for example.
Applying 3D printing technology towards such applications can thus present op-
portunities for resource savings in their development and production, benefits in per-
formance, and the ability to manufacture such devices without the need for costly
equipment. Additionally the availability of open source software and hardware such
as RepRap printers opens up access to a wider audience, including home and school
environments. However with regards to printing, certain aspects naturally have more
specific requirements in order to provide a usable, functional device. For instance, a
sensing device requires conductors for signal transmission as well as chemically stable
areas to allow for reactions to successfully take place with an analyte and generate
said signal. Printing of such a device thus requires multi-material printing or as-
sembly of multiple printed parts. This presents challenges in compatibility between
printed materials, such as proper adhesion between conducting and sensing regions
or the ability to print different materials with the same printer simultaneously or
sequentially.
Traditional production methods such as lithography tend to result in flat, planar
structures. However with 3D printing, material may be printed in such a way so as to
increase the surface area of a device such as a sensor, leading to increased volume of
analyte being examined from a given sample. Research pertaining to printing of such
devices could thus be considered beneficial, pushing the boundaries of 3D printing
further outwards from its current states, allowing for printing of functional devices
4
and distributing access beyond that of research environments. Furthermore, the ever
growing open source community within 3D printing allows for users of all abilities to
contribute towards and benefit from current and future developments.
1.1 Research Objectives and Challenges
This thesis reports on the development and application of various novel polymer
composites and 3D printing processes for use in the production of electrochemical
components and sensors, with a focus on printing of electrodes. A critical part of any
electrochemical device, the electrode is effectively the interface between the electrical
and chemical domains of the device it is used in, and is where the main chemical reac-
tions of interest occur. Some characteristics which determine electrode performance
include:
• Electrical conductivity - Greater conductivity allows for more efficient signal or
power transmission from or to a device with low electrical losses, and can allow
for smaller overall sizes due to lower amounts of conductor material required.
• Surface area - Surface area requirements of electrodes vary depending on ap-
plication. In biochemistry, higher surface area electrodes are usually desired
as they allow for better interfacing with the medium and organisms involved.
In sensing applications, a higher surface area leads to enhanced sensitivity [5],
simply due to the fact that a greater amount of material can be analysed than
if using a simple flat surface.
• Biocompatibility - When naturally occurring enzymes and microorganisms are
involved, biocompatibility of the electrode is required to allow reactions to suc-
cessfully occur.
Printing materials and methods were thus developed with these characteristics in
mind, presenting several research challenges. For example, 3D printing is a process
typically associated with synthetic plastic polymers, which are usually electrically
non-conductive. One approach to printing of conductive material would thus be
to blend conductive additives with existing polymers in order for them to still be
compatible with current printing technologies. This however affects the mechanical
properties of the polymer and consequently how well it can still be printed, if at all.
This requires several iterations of design, manufacture and testing of composites for
suitability in these kinds of applications, with custom polymer composites tailored
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to provide aforementioned characteristics whilst remaining printable. Alternatively,
printing methods can be modified or used as part of a series of connected manufac-
turing or processing stages in the overall production of a part. This approach allows
for a wider range of materials to be considered, which would previously be overlooked
when found to be incompatible with available printing technologies.
When referring to conductive materials, metals are usually the first to be consid-
ered, given their inherent electrical properties. However their thermal and mechanical
properties are vastly different to that of polymers, presenting further problems to-
wards printing, as well as attachment and interfacing with polymers. Furthermore,
metals are chemically more reactive than polymers, especially when exposed to mois-
ture. Most untreated metals (i.e. without a protective coating) readily oxidise when
wet, resulting in rust. This further limits the available materials when being consid-
ered for electrochemical applications, as they may affect chemical reactions of interest
or the environment in which they occur. This is closely related to material biocom-
patibility, where ideally the material being used is inert, so as to eliminate undesired
chemical interactions when in use. For example, titanium is the metal of choice for
implants are in the human body, as use of other metals is unsuitable and potentially
dangerous.
These issues are addressed in the works developed in this thesis. Further expla-
nation of specific limitations, requirements, materials and printing processes is given
in the following chapter.
1.1.1 Thesis Outline and Contributions
• Chapter 2 covers the literature and state-of-art in the areas of 3D printing, ma-
terials, and technologies applied to the fabrication of electrochemical devices. A
brief introduction to electrochemistry and some typical electrochemical devices
is also given.
• Chapter 3 describes the development of a custom 3D printing rig, used ex-
tensively in the research throughout this thesis. At the heart of the rig is a
3 axis Cartesian robot, supplemented with additional hardware which can be
assembled in different configurations to provide various different printing capa-
bilities from a single platform. A novel method of trajectory planning for smooth
point-to-point robotic motions was developed and implemented on the rig.
• Chapter 4 explores printing of metals as conductive material for printing of
circuitry and electronics. Improvements on the manufacturing process of metal
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filaments used for 3D printing were realised, arising from metallurgical stud-
ies of a previously developed method. Various materials are also evaluated as
flexible printing substrates leading to the development of a biodegradable, flexi-
ble electronic sensor in the form of a strain gauge. The metals explored in this
chapter however pose various issues in electrochemistry based applications, lead-
ing instead to the development of carbon based conductors in the subsequent
chapter.
• Chapter 5 describes the development of a conductive carbon based polymer
filament. Various polymers and blends with carbon materials were evaluated,
resulting in a method for cheap, facile production of customisable and reusable
3D printed devices for electroanalytical applications. The method is shown to be
compatible with a consumer grade desktop 3D printer, and the production and
testing of two different electrode configurations is shown. Heavy metal detection
in aqueous media is demonstrated with a device printed via this method.
• Chapter 6 further explores printing of carbon composite materials, using gel
dispersions and cellulose solutions. A novel, low temperature printing approach
involving several post processing steps of printed gel composites resulted in
production of porous, biocompatible, cellulose based structures. With subsequent
heat treatment of the structures rendering them conductive, they were evaluated
for use as electrode material in microbial fuel cells, and are found to give superior
performance over conventional carbon cloth electrodes.
• Chapter 7 concludes this thesis and presents considerations for further develop-
ments of the works presented.
Finally, some additional images from Chapter 4 and 5 are included in the Ap-




Background and Literature Review
As the work undertaken in this thesis is multidisciplinary, a brief introduction to some
electrochemistry and electrochemical devices is first given here. Some commonly used
terms are first defined, followed by a description of typical fuel cells and how they
work, before a review of various printing methods used towards the production of
electrochemical devices.
2.1 Electrochemical Devices
Electrochemical devices such as sensors and fuel cells require specific materials in
their construction in order to produce useful and effective outputs due to the various
sub-components that make up such devices, as well as the intended applications. For
example, an in-vivo implantable device will need to be bio-compatible and may also
need to be flexible or stretchable whilst still having electrically conductive compo-
nents, which are usually rigid. Parts used in such devices involve:
• Electrodes - This is effectively the interface between chemical and electrical
domains, making contact with nonmetallic parts within a circuit such as elec-
trolyte or air; an electro-chemical reaction at these interfaces can result in a
change in the potential difference within the circuit. Multiple electrodes may
be involved at any one time. The anode and cathode are where the major re-
actions normally take place, with an additional reference electrode sometimes
used to determine other electrode’s potentials.
• Electrolyte - When in reference to fuel cells, the electrolyte is a material used
to allow transfer of electrically charged particles, such as protons, from one
electrode to the other. Electrolytes vary in form depending on the type of fuel
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cell used, ranging from thin polymer membranes to liquids rendered conductive
via dissolution of salts.
• Catalysts - These increase the rate of a chemical reaction by reducing the ac-
tivation energy required for said reaction to occur, without undergoing any
permanent physical changes itself [6].
• Substrate - In bio-chemistry, a substrate refers to a molecule upon which an
enzyme acts during a biochemical reaction [6]. ‘Substrate’ can also refer to a
sheet, film or other material on which a device is constructed and based upon.
The substrate material may contain functional coatings, e.g. a glass slide coated
with a metal oxide layer.
• Enzyme - A protein that catalyses the conversion of substrates into products.
Enzymes are folded into a specific conformation that corresponds more or less
uniquely to the substrates and products that they react with [7].
2.1.1 Fuel Cells
2.1.1.1 Abiotically Catalysed Fuel Cells
A fuel cell typically has three main parts: An anode, cathode and electrolyte. Two
chemical reactions occur at the interfaces between these segments and the cell con-
sumes a fuel, generating an electric current and a waste product. A fuel cell will thus
continue to run and generate power as long as it is provided with fuel to consume.
An abiotically catalysed fuel cell uses inorganic catalysts to function. A hydrogen
fuel cell for example uses a platinum catalyst at the anode (Figure 2.1).
The anode is one of the two electrodes of a fuel cell, where current flows into
the device. Here, the anode catalyst oxidises the fuel. If for example the fuel in
use is hydrogen, upon contact with the catalyst a molecule splits into a positively
charged hydrogen ion and an electron. The ions then pass through the electrolyte,
which allows only positive charges to pass through, and electrons must therefore be
freed externally. They are fed through a wire (usually with an external load) to the
cathode, generating the electrical current.
At the cathode, the second chemical reaction occurs; ions and electrons react with
an additional chemical and combine to form the waste products. This is known as
reduction, i.e. gaining of electrons, the opposite of oxidation. These two reactions
are commonly referred to as redox reactions, i.e. a transfer of electrons between two
species. With a typical hydrogen fuel cell, the additional chemical used to collect the
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Figure 2.1: Block diagram of a typical hydrogen fuel cell [8]
electrons (electron acceptor) is usually oxygen, leading to the creation of water or
carbon dioxide as the waste products.
Other variants of fuel cell construction exist, such as those with a separating
membrane between fuel and oxidant. However the principle of operation remains the
same and thus will not be discussed in more detail here.
2.1.1.2 Biotically Catalysed Fuel Cells
This genre of fuel cell relies on biocatalysts, such as enzymes or microorganisms,
to function. Microbial fuel cells (MFC’s), or more broadly, biofuel cells (BFC’s),
generate current by taking advantage of naturally occurring metabolic pathways in
bacterial interactions.
In an MFC, the basic construction and method of operation is still similar to
that of an abiotically catalysed fuel cell. However, rather than using precious metals
as the catalyst for oxidation of the fuel, chemical energy is converted into electrical
energy via bacterial decomposition of organic compounds, effectively using microor-
ganisms as natural catalysts. Use of such organic compounds as fuel in an abiotically
catalysed fuel cell quickly ruins the precious metal catalysts due to the reaction of
carbon molecules in the organic fuels with the oxygen in the metals, generating carbon
monoxide [9]. Additionally, metals such as copper and silver are incompatible with
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organics, restricting their usage in such applications; they are found to be unsuitable
as anode material due to corrosion and their toxicity to microorganisms [10]. However
recent literature shows that in some cases, certain bacterial groups can function in
the presence of metal anodes, forming electrochemically active biofilms [11].
2.1.2 Electrodes
A common element arises between lab-on-a-chip devices, the different fuel cell types,
and electrochemical devices in general - the electrode. Regardless of the electrode
material used or type of device it is used in, this is one of the key components as it
is where the major reactions take place and provides the useful electrical output.
This is also one of the limiting factors in such devices. In order to transfer elec-
trons efficiently, the electrode material must possess sufficient electrical and chemical
characteristics. In fuel cells for example, the use of precious metals inherently gives
excellent conductivity, but are cost prohibitive. Additionally, in order for the fuel to
react with the catalyst, the two must be in contact.
As mentioned above, the catalysts are what convert fuel into electricity and by-
products, and allow for the transfer of electricity to the electrodes. The catalyst
materials can either be deposited on the electrode surface (e.g. enzymes in a biofuel
cell) or instead be the electrode surface itself (platinum in a hydrogen fuel cell).
Therefore the surface area of the electrode must be as large as possible for more
efficient fuel oxidation.
2.1.2.1 Electrode Biocompatibility
As previously mentioned precious metals such as platinum are quickly damaged when
used as catalysts for organic fuels. Conversely, use of non precious-metals can ruin
a biofuel cell due to toxic products from corrosion. This presents a challenge when
selecting materials for bio fuel cells; a biocompatible electrode, i.e. one that can func-
tion with the organic fuels and catalysts without deterioration, is a key requirement.
When devices are intended to be used alongside or within living tissue, this require-
ment varies somewhat. Implants for example are often manufactured from titanium
to prevent immune rejection by the host body. Biocompatibility with the human
body, i.e. biomedical, has different requirements to biochemical. Carbon nanotubes
for example, which have been used to immobilise enzymes are thus biocompatible for
MFCs [12], but can be harmful in vivo [13].
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2.2 Additive Manufacturing Technologies
Additive Manufacturing, or 3D printing (AM, 3DP) is a manufacturing process where
material is deposited where it is needed, as opposed to subtractive manufacturing,
where material is removed from an initial workpiece. Depending on the end prod-
uct, the said workpiece can undergo several different machining operations, gradually
removing more and more material until the required part dimensions are achieved.
This is one of the many attractions of AM; material wastage is greatly reduced when
using such methods. Additionally there is the option to combine multiple printing
methods and/or materials to add extra functionality to the printed device.
The process typically starts with a digital model of the end product. It can be
acquired from 3D scanners which automatically measure an object and generates
a part file, or the part can be designed using CAD software. The latter method
is usually required when a multi-material or multicolour print is desired. Once a
3D model is acquired, the next step typically involves ‘slicing’, where the model is
converted into horizontal cross sections. Each of these sections, or layers, become a
set of X-Y co-ordinates which instruct the printer on where to deposit material. Each
subsequent layer is then an incremental step in the Z axis of the printer, and a part
is thus produced in a layer-by-layer fashion. Depending on the scale or number or
printed layers, some AM methods are better referred to as 2D or planar printing.
2.2.1 Fused Deposition Modelling
One of the most common implementations of 3D printing is Fused Deposition Mod-
elling (FDM), widely associated with the open source RepRap style machines. This
involves melting a filament of material, usually a thermoplastic, and then deposit-
ing it in successive layers, building up a part layer-by-layer. The layers melt and
fuse together as the plastic flows out of the nozzle and rapidly cools down at room
temperatures. An example of parts produced via FDM is shown in Figure 2.2.
Some FDM devices employ multiple nozzles, allowing for multiple materials to be
used in a print. This allows for parts to be printed with different colours or to use
a sacrificial support material allowing for the production of more complex shapes.
FDM is not just limited to thermoplastics. Gels [14, 15], metals [16, 17, 18], and
even chocolate [19] has been used in custom built 3D printers. Larger printers using
cement and composite pastes are currently being developed for printing of building
structures [20].
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Figure 2.2: Example of a computer generated 3D model [21] (left) and a fully and
partially printed part [22] (right) using FDM
2.2.2 Selective Laser Sintering
More complex AM methods include Selective Laser Sintering (SLS or SLM for ma-
chining). This process uses a high power laser to melt a powdered material together
in the areas required. A powder bed, which is lowered once a layer of material has
been fused together, supports the structure as it is built, and a fresh layer of powder
is spread on top afterwards before the process is repeated (Figure 2.3). This method
is typically more expensive than FDM, requiring use of powdered materials such as
plastic, metal, ceramic, or glass.
This method however allows for manufacturing of full strength, ready to use parts
instead of simple prototypes, especially when using metal powders such as titanium,
aluminium or nickel alloys. The surface finish however tends to be poor and some
post processing is typically required. In some cases, due to the high temperatures
involved, a vacuum or inert atmosphere is required to prevent the powder from igniting
or oxidising. Other similar applications replace the powdered metal with polymers
and the laser with a fine nozzle depositing a binder material. Advantages of this
method include the ability to produce complex structures without additional support
material, fast build times, and fine layer heights. In some cases the amount or type of
binder material can be varied, producing parts with a range of mechanical properties.
2.2.3 Stereolithography
Photosensitive resins or photo-polymers, which harden when exposed to UV light
have also found use in additive manufacturing. The procedure is similar to SLS,
instead using either a UV laser or projector to cure a thin layer of liquid resin instead
of fusing powdered material. The platform onto which the cured layer is attached
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Figure 2.3: Selective Laser Sintering (SLS) Process [23]
is then lowered, allowing for a fresh layer of resin to be cured, and the process is
repeated. This method is known as Stereolithography (SLA). Advantages include
good surface finish and high accuracy of parts, and relatively quick printing times
as each entire layer is typically cured after a few seconds. However, as the uncured
material is in a liquid state, supports need to be generated for parts with overhangs
or intricate geometries. The resins themselves are relatively expensive, and care must
be taken to avoid contamination of uncured resin. Some parts may also require post-
processing to be fully cured. Nevertheless, the high printing resolutions available
can be used to print devices with micron level features, enabling easy production of
microfluidic devices, some of which have been shown to be compatible with DNA
assembly reactions [24].
2.2.4 Inkjet Printing
For fine, controlled deposition of small amounts of material, ink-jet printing (IJP)
can be employed. This process is essentially the same as a standard desktop inkjet
printer. The main difference in its application in AM is the addition of the moving
Z-axis allowing for layers of ink to be deposited in multiple planes. The concept
is similar to FDM, but instead of depositing molten plastics in layers, low viscosity
inks are used. It is known as jet printing as small droplets of ink are fired, or jetted,
from an orifice, typically by rapid contraction and subsequent expansion of a reservoir
holding the ink. This squeezing effect can be achieved by a variety of ways, one of
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Figure 2.4: Typical voltage waveform for a piezo-inkjet nozzle [26] (left) and associ-
ated jetting procedure [27] (right)
which involves the use of a piezo crystal.
In order to actuate the piezo crystal for the squeezing effect, it requires the appli-
cation of a voltage waveform. An example of such a waveform is illustrated in Figure
2.4. Typically, a waveform with a larger amplitude causes higher droplet velocities,
as a result of a stronger crystal contraction. Dwell and delay times are adjusted to
suit the jetting speed, i.e. waveform frequency, as these parameters directly affect
droplet formation and size. These parameters are usually optimised for certain ink
types, given its viscosity. For example, a less viscous ink will require a lower ampli-
tude waveform and vice-versa. The viscosity of the ink must be tailored so that it is
compatible with IJP. This is usually achieved by using solvents and humectants. If
suspensions of small particles are used, particle size must be monitored and controlled
so that nozzle blockage is avoided. Surfactants can be added to modify surface ten-
sion of the liquid, affecting droplet formation and wetting and spreading behaviour,
as well as aiding particle dispersion [25]. As drops can be generated individually
or sequentially by cycling the applied waveform, this method is sometimes referred
to drop-on-demand printing. Other jetting technologies exist, such as bubblejet or
thermal inkjet, but these rely on heating the ink, causing it to expand in order to jet.
Such a method however can be unsuitable with inks which contain biological cells or
DNA.
2.2.5 Electro-Hydrodynamic Printing
Electro-Hydrodynamic Printing (EHD) can be viewed as a variation of IJP, and can
be used to further increase the printing resolution of a standard ink-jet nozzle by
means of an applied electric field. It can be used to generate droplets in the order of
100’s of nm, and has been shown to be compatible with some biomaterials and living
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Figure 2.5: Schematic of an EHD setup (top). An increasing applied voltage potential
changes the meniscus of the fluid held at the nozzle tip to a Taylor cone (bottom)
[28]
Figure 2.6: Examples of fibres produced using the NFES method, with increasing
collector speed in (a) to (d) [29]
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cells [30, 31]. This method is more of a continuous spraying rather than drop-on-
demand as with IJP. It can however be combined with piezo-driven inkjet printing
methods by replacing the nozzle with an inkjet dropper, known as hybrid jet printing
[32]. In brief, the process is as follows:
• The nozzle tip, coated with a conducting film, is used to suspend a small droplet
of ink
• The meniscus of the fluid is adjusted by controlling the back pressure to the
nozzle
• Increasing the voltage bias generates a concentration of charge on the droplet
meniscus, and once high enough the meniscus deforms to a conical shape, known
as a Taylor cone. The required voltage increases with the distance between the
nozzle tip and printing surface. For distances of 30 µm, a voltage of ≈ 1kV is
required [33]. The printing substrate also needs to be conductive, and grounded
• Modulating this voltage then has various effects on the fluid, such as jetting or
spraying
• If the voltage is held constant, the process is instead known as Near Field
Electrospinning (NFES), and a continuous fibre is produced
An image illustrating an EHD setup is shown in Figure 2.5. The upper image
shows how the high voltage is applied across the conducting nozzle and substrate,
drawing out droplets. The lower images show how the meniscus deforms due to the
applied voltage, generating a Taylor cone as seen in the last image.
2.2.5.1 Near Field Electrospinning
NFES is similar to EHD, but a steady voltage is applied, effectively drawing continu-
ous fibres from the Taylor cone. The droplet held at the nozzle tip is usually generated
by dipping the tip into the material solution, rather than being pushed through a sy-
ringe. This can present problems with material deposition if the substrate is moving
too slowly to collect the fibres, and process parameters such as substrate speed, tip-
substrate distance and applied voltage require optimisation for good results. Fibre
lengths are also limited due to the material feed being non-continuous. However,
fibre diameters can be very fine, down to 50 nm [34]. Figure 2.6 illustrates some
examples of the fibres generated using this method. Being continuous, the speed at
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Figure 2.7: Fabrication of nano-channels using NFES [35]
which the collecting substrate is moved influences their formation. For instance, in
Figure 2.6a, a coiled, tangled fibre network is generated; this could be considered a
somewhat porous structure. Increasing the speed, as shown in b through d, reduces
the coiling until eventually a single, fine fibre can be produced. One interesting use
of NFES is the generation of a sacrificial fibre, used underneath a layer of material.
A nano-channel is then produced in said layer by subsequent removal of the fibre.
Channel widths of 135 nm in 30 nm thick gold layers have been achieved using this
method [35]. Figure 2.7 illustrates the process.
2.2.5.2 Polymer Patterning
When 3D printing using IJP, EHD, or NFES, it is common to dissolve print material
in a solvent to reduce its viscosity. The solvent then evaporates away leaving the
material behind. After one or multiple layers have been deposited, the resulting
material can be dissolved away in specific locations by depositing more solvent on
the dried surface. This can be used to create micro-channels or curved surfaces for
micro-lenses [16]. An illustration of the method is shown in Figure 2.8.
2.3 Materials
As there exists a vast and ever growing number of methods available to additive
manufacturing, the range of available materials to work with is also diverse. Some may
be derived from precursors, either in-situ or otherwise. Others can require chemical
or thermal post-processing or a specific deposition method. Some materials can also
be mixed or blended with solvents or polymers to create printable inks and filaments.
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Figure 2.8: Crater formation in a polymer using solvent deposition. Depositing a
second material on the crater as a negative then produces a lens [36]
2.3.1 Polymers
Typical FDM desktop 3D printers primarily function with thermoplastic polymers
such as Acrylonitrile Butadiene styrene (ABS) or Polylactic Acid (PLA). Engineer-
ing plastics like ABS are predominately used in manufacturing processes such as
injection moulding or extrusion, and are well developed and understood with regards
to thermal characteristics, mechanical properties and flow behaviours. With FDM
effectively being extrusion at a small scale, such polymers lend themselves well to
this application, allowing for production of tough, rigid components. Functionality of
said components are however rather limited, restricting their usage to simple devices
such as mounting brackets, scale model prototypes, or decorative ornaments.
The extrusion hardware employed can be a limiting factor with regards to print
compatibility of polymers. Early RepRap designs involved use of Polyether ether
ketone (PEEK) as a thermal barrier material to separate the hot-end from the feed
path, and Polytetrafluoroethylene (PTFE) as a low friction liner (Figure 2.9). More
recent iterations with fan cooled, all-metal constructions allow for higher temperatures
to be reached and thus a wider range of polymers to be used.
Further functionality can be achieved with different polymer-polymer blends, al-
lowing for flexible or even stretchable parts. Furthermore, various additives can also
be blended into polymers. Printable filaments that are electrically conductive, mag-
netic, colour changing, UV reactive, or even glow-in-the-dark can now be found from
3D printing retailers [37].
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Figure 2.9: Early RepRap nozzle design [38]
2.3.2 Metals
Use of metals have been briefly discussed as with SLS and FDM. With FDM ap-
proaches, a commercial gas-metal arc welder has been used with a modified RepRap
[16] for printing of components with steel welding wire and appropriate shielding gas.
This method can be used to produce components such as a sprocket (Figure 2.10A).
An alternative approach involves modification of commercial filament printers to use
eutectic and non eutectic alloys [18], used to produce some planar and 3D compo-
nents (Figure 2.10B). Deposition of molten metal droplets into a cooling bath [39]
can also be used to generate low resolution objects (Figure 2.10C). These methods
use metal in a solid form which is subsequently melted and deposited appropriately.
Other forms however, such as liquid metals, metal solutions or dispersions are also
available.
Mercury is a room temperature liquid metal, but due to its toxicity and hazardous
nature it is usually avoided where possible. Non-toxic alternatives can be formed by
creating an alloy of certain metals. One example of such an alloy can be formed by
heating and mixing Gallium, Indium and Tin in a ratio of approximately 70, 20 and 10
wt% respectively. The alloy is inherently highly conductive, upto 3.46 x 106 S/m [40].
It is also non-toxic and relatively low cost. A thin oxide layer forms rapidly on the
surface in air, effectively increasing the surface tension of the liquid. Researchers have
exploited this property allowing its use as an electrode material. By constricting the
alloy between periodically spaced silicone posts, it is exposed directly to a microfluidic
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Figure 2.10: Metal printed components using FDM. (A) Printed sprocket based on
MIG welding [16], (B) Printed object using custom eutectic and non eutectic alloys
[18], (C) Printed object created by depositing molten metal into a cooling bath [39]
channel and can be used for experiments such as electrohydrodynamic mixing [41].
Other works use the surface tension to create freestanding structures from multiple
droplets of a similar liquid alloy[42], or encapsulate the alloy in a protective elastomer
sheath resulting in highly stretchable conductive wires [43].
Metal nanoparticle dispersions can be used in ink jet printers for printing of flexible
electrodes on paper [44]. Steps must be taken to ensure that particles are sufficiently
small so as to not clog the nozzles, typically 10 to 100 µm in diameter. Surfactants
may also be required to prevent particles from agglomerating which would otherwise
also lead to nozzle blockages. Post processing steps are usually required in order to
fuse the individual particles together and enhance conductivity in printed features.
An alternative approach would be to use metal precursors, such as dissolved metallic
salts. Use of such an ink eliminate blockages as it is a solution instead of a dispersion,
but subsequent heat treatment steps are still required [45].
2.3.3 Carbon Materials
Carbon based materials are inherently biocompatible with the organisms found in
MFC’s. Glassy carbon or vitreous carbon is often used as an electrode material as it
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is impermeable to gases and liquids, and has high resistance to chemical degradation.
Recently there have been many developments with new carbon based materials such
as carbon nanotubes and graphene.
2.3.3.1 Carbon Black Nanomaterials
These are widely used in enzyme based electrodes, due to their good biocompatibility,
porosity and surface area enhancing characteristics. They are also conductive and
adsorb well with organic molecules such as proteins [46]. Carbon black nanomaterials
(CBN) bond well with polymers like PTFE. A sufficient loading of particles must be
added to create a conductive network through the polymer matrix, i.e. percolation.
When used in the correct ratio, it gives a good trade-off between conductivity and
water-repellence. This behaviour is sometimes desired to prevent the weeping of liquid
electrolyte through electrodes. The mixture can then be used in thin films to coat
metallic, glassy carbon electrodes [47]. Increased current densities have been observed
when used with biocathodes in a BFC [48].
2.3.3.2 Carbon Nanotubes
Carbon nanotubes (CNT) have intrinsically high surface areas, and can therefore be
used to improve electrode surface area and promote biofilm growth in MFC electrodes
[49], with biofilm growth shown to increase power output of BFCs [50]. Addition-
ally, CNTs have been combined with metal nano-particles and cast onto bio-sensor
electrodes, giving better enzyme immobilisation and electron transfer [51].
2.3.3.3 Graphene
Graphene is a single sheet honeycomb lattice of carbon atoms, effectively an un-
rolled CNT. It therefore shares many of the same properties such as biocompatibility,
strength and conductivity. By creating dispersions for use as inks, graphenes can be
ink jet printed. However, post processing is usually required to generate conductivity.
This approach has been used in the construction of transistors, LEDs and solar cells,
using IJP as part or all of the process [52, 53, 54]. Recently, graphene doped with
gold has shown good electrochemical activity and used as sensing components in a
wearable diabetes monitoring and therapy device [55].
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2.3.4 Other Materials and Methods of Interest
Polydimethylsiloxane (PDMS) is a popular silicon based biopolymer, as it is afford-
able, easy to fabricate, biocompatible and flexible. It has been used to encapsulate
entire electronic circuits and retain flexibility and stretchability [56]. It has also been
mixed with conducting particles such as silver or carbon black to make the normally
inert polymer conductive [57].
Printing of cellulose derived from wood has been recently demonstrated, enabled
by mixing nanofibrils into a hydrogel and subsequently extruding it into 3D shapes.
However, these gels consist of 95 to 99 % water and thus require a controlled drying
process to remove the excess water without collapsing the structure. Addition of
CNT’s to said gels resulted in a printable, conductive material after drying [58].
Dissolving cellulose in appropriate solvents and ionic liquids allows for an alterna-
tive cellulose based gel, also suitable for extrusion and printing. This however requires
the use of water as a non-solvent to enable coagulation of the dissolved cellulose, i.e.
regenerated cellulose. This has been shown to be sufficient for printing of small parts
of low resolution and height, due to limitations of this regeneration process [59].
2.4 Summary
Tables 2.1 and 2.2 summarise the reviewed printing procedures and materials. Each
individual material can have different characteristics applicable towards printing of
electrochemical devices. For instance, polymers are relatively simple to print, but are
non conductive. Metals are highly conductive, but not biocompatible. One approach
would be to use printed metal as a conductor, with a carbon infused polymer compos-
ite for printing of a biocompatible, electroactive material. Therefore, a combination
of multiple materials, and hence a combination of different deposition and processing
methods is needed. This would typically require the use of different printers, each
equipped with the appropriate hardware for the deposition of each material.
A printing rig equipped with multiple printing nozzles or instead, interchangeable
hardware, would likely provide an easier and more compact solution. Such an ap-
proach would also allow for easier printing related tests of suitable materials which
may or may not have been previously considered for 3DP. Additionally, materials that
have been developed for printing may not be suitable for electrochemistry. Conduc-
tive polymers with carbon additives have been developed for printing and used with
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Table 2.1: Summary of reviewed printing processes
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Table 2.2: Summary of reviewed materials
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Gel extrusion of solu-
tions or hydrogels
traditional thermoplastics to add functionality to simple devices, demonstrating suit-
ability for electrical applications [60]. Electrochemical applications of such material
is yet to be evaluated.
The approach taken for the research in this thesis is the development of a custom
printing rig with the capability of using different methods, nozzles, and materials. The
development is described in the following chapter. Exploration of different printing
materials and substrate combinations is also described in subsequent chapters, with




This chapter describes the build process of a custom 3D printing platform. As dis-
cussed in Chapter 2, an ever growing number of methods and materials present them-
selves towards additive manufacturing. A flexible, expandable rig with high accuracy
and repeatability was thus constructed and programmed. This approach was chosen
over commercially available units to allow for any additional printing hardware to
be adopted and integrated into the system (effectively upgrading the printer) when
required. Such functionality was found to be limited in devices based on open source
projects such as Rep-Rap when works presented in this thesis commenced. Here, use
of National Instruments hardware with LabVIEW software allows for components
and coding to be quickly reconfigured and executed. A novel trajectory planning
method based on exponentials, thus allowing for smooth continuous movements, was
also developed and implemented.
3.1 Hardware selection
The core of the rig consists of a 3-axis Cartesian robot. This was preferable to custom
construction of an x-y-z gantry as the purchased unit is pre-assebled and tested by
the supplier for any issues or inaccuracies beforehand. Figure 3.3 shows a heated bed
attached to the gantry, with extruders mounted on a reconfigurable shelf. Other rig
features include:
• Ballscrew translation - Ballscrew actuators ensure low friction, high accuracy
and minimal backlash.
• Profiled guide rails and carriages - These work together with the ballscrew
actuators, providing rigid and accurate linear motion travel.
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• Stepper motors - 3 x NEMA 23 stepper motors (200 step) provide high torque
(3.1 Nm). Coupled directly to the ballscrew actuators this allows for machine
accuracy/repeatability down to 10 µm (supplier specification).
• A4 workbed - Large, open workspace allowing plenty of room for multiple ex-
truders and printed parts.
3.1.1 Rig add-on components
Additional components used to complete the experimental AM rig are described here
3.1.1.1 Motor Controllers
Stepper motors allow for precise incremental position control due to the nature of
their construction. A number of notched electromagnets on the stator interact with
a similarly notched iron rotor. By applying appropriate waveforms to the stator,
the shaft can be made to move through fixed angles, or steps. Waveform generation
is typically carried out using purpose-built stepper motor controllers, which vary in
price and functionality. A square-wave pulse sent to the motor controller instructs it
to advance the waveform and thus motor position by one step. Low end devices for
example allow for simple forward/reverse control whereas higher end controllers pro-
vide smoother waveform generation and incorporate features such as anti-resonance,
allowing for maximum performance to be extracted from the motors. The NEMA 23
motors are rated at 4.2 A. The selected controller, Leadshine DM856 is programmable
to output between 0.5 A and 5.6 A making it an ideal match. A useful feature of this
controller is the ability to microstep a motor. The individual steps of a stepper motor
can be split up by partially activating adjacent phases, effectively allowing for finer
resolution. This however leads to decreased holding torque when holding the rotor
partway between physical steps. Figure 3.1 illustrates how available step torque de-
creases as higher degrees of microstepping are employed. Provided the torque demand
is achieved, the advantages of microstepping can be exploited. Using low friction rails
and ballscrews can allow for this due to their low torque requirements.
3.1.1.2 Encoders
Whilst the use of stepper motors allows for open-loop position control, addition of
encoders closes the loop and allows for the position to be verified. At high RPM
rates, stepper motors can jump or skip steps, thus losing synchronisation and current
position status. This can be corrected with use of encoder feedback. The selected
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Figure 3.1: Incremental Torque available from a stepper motor per microstep [61]
encoder is a 3 channel, 3600 CPR rotational encoder (HEDR-55L2-BY09, Avago
Technologies), which mounts directly onto the motor shaft. The encoder outputs
a pulse-train, each pulse representing a fixed degree of rotation of the shaft it is
attached to. There are two main channels, A and B, out of phase with each other
by 90 degrees and thus known as quadrature outputs. The offset allows for position
as well as direction to be measured. The third channel is an indexing signal which
provides a single pulse per complete rotation. Additionally, the quadrature outputs
can be used in X2 or X4 encoding to increase the resolution by comparing both
channels when taking a measurement, as illustrated in Figure 3.2.
3.1.1.3 National Instruments CompactRIO controller
A National Instruments CompactRIO (cRIO) device is used as the main interface
between all the connected hardware and software components used in the rig, con-
sisting of a microcontroller, reconfigurable I/O modules (RIO) and an FPGA module.
A wide range of hot swappable I/O modules such as analog input, analog output, dig-
ital input/output, machine vision and motor control cards are available. The signals
can be generated by, or be routed through the on-board FPGA for custom signal
processing or timing requirements. Programming of the cRIO and FPGA is carried
out using National Instruments LabVIEW software on a host computer and deployed
to the cRIO via Ethernet. The advantages of using such a system for an experimen-
tal rig include rapid reconfiguration of programming and wiring, as well as ease of
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Figure 3.2: Typical quadrature encoder outputs. (a) Illustrates X1 encoding, (b) X2
encoding and (c) X4 encoding [62]
expandability and integration of additional hardware (Figure 3.4). The cRIO em-
ployed in the rig is configured with 3 I/O modules; One analog input card is used to
process thermistor and pressure sensor signals. A digital IO card is used to monitor
microswitches fitted for endstops as well as generating PWM signals for heater control
and also interfacing with the piezo waveform generator. A high-speed digital IO card
is used for stepper motor pulse signal generation and to monitor the encoders at the
X4 encoding rate.
3.1.1.4 Other components
Additional components added to the Cartesian machine are briefly described below.
Figure 3.5 illustrates how they interface with each other.
• Inkjet Nozzle - A 50 µm piezo-inkjet nozzle (Microfab MJ-ABP-01-50) is fit-
ted to the rig allowing drop-on-demand printing as described in section 2.2.4.
Waveforms are generated by a Microfab Jetdrive III unit and synchronised with
the rig via an external trigger signal, generated by the cRIO controller.
• Vision - Use of a camera and video lens allows for inkjet droplet generation to be
visualised, verifying that droplets form and impact correctly without satellites.
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Figure 3.3: Custom printing rig shown with two attached extruders and camera. Inset
showing use of ballscrew and profile guides for accurate axis translations
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Figure 3.4: National Instruments cRIO device with hot-swappable I/O cards [63]
• Pressure control - When using certain inks or fluids, a slight negative pressure
must be applied to the inkjet nozzle to prevent leakage as well as meniscus
control which is crucial for good droplet generation. A custom pressure control
device was constructed consisting of a linear stepper motor, pressure sensor,
and syringe connected to the inlet of the inkjet nozzle. A program running on
the cRIO monitors the pressure sensor output and adjusts the syringe position
accordingly.
• Extruders - 3D printing filament extruders are attached to the rig allowing for
off the shelf polymers as well as custom polymer and metallic filaments to be
printed. These are also controlled by the cRIO.
• Heated bed - Usually when printing, a heated bed is required to improve initial
layer adhesion and prevent parts from warping. This can also be used to heat
jetted inks for in-situ sintering.
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Figure 3.5: Overall hardware architecture of the printer
3.2 Software
3.2.1 LabVIEW
A custom LabVIEW program was developed to run on the cRIO, effectively acting as
the printer firmware. This interfaces with a host PC, with a GUI (Figure 3.6) allowing
a user to control the rig. The LabVIEW program is made up of several subroutines
working in unison in order to carry out the printing tasks. Adjustments to values
displayed in the GUI allow for different printing parameters such as extrusion rates,
feedback gain or set temperatures to be tuned before or during a print. Data from
encoders or sensors may also be recorded and downloaded for later analysis.
3.2.2 CAD and G-code
Most parts or devices produced using the rig start off as a 3D model designed using a
CAD package, saved in an STL file format. The STL file is then converted to G-code,
a file containing machine instructions relating to position, temperature, speed, tool
selection and extrusion amounts and rates. A MATLAB script parses the G-code
file and extracts position and extrusion information to be passed on to the custom
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Figure 3.6: LabVIEW GUI for control and operation of the printing rig
LabVIEW program for position interpolation (trajectory planning) and machine con-
trol. A novel trajectory planning algorithm was developed and implemented for the
printing rig, described in the following section.
3.3 Exponential Trajectory Planning
Time-optimal trajectories, i.e. minimal travel time, are commonly generated using
bang-bang/bang-cruise-bang methods, which have a trapezoidal velocity profile [64],
also known as Linear Segments with Parabolic Blends (LSPB). Such trajectories are
based on generating a triangular/trapezoidal velocity profile using the maximum ac-
tuator accelerations. However, these trajectories demand instantaneous acceleration
changes. These changes are not physically realisable, resulting in the generation of
discontinuous actuator torques and forces with high jerk values (first derivative of ac-
celeration). When performing repetitive to and fro motions such as those seen in 3D
printing, this can lead to vibration of the printer, with undesirable knock on effects
on print quality and surface finish.
An alternative method that limits jerk and has non-instantaneous acceleration de-
mands is the S-curve velocity profile [65]. With S-curve velocities, the corresponding
acceleration starts from zero and gradually ramps to a maximum/minimum value.
The continuous acceleration and bounded jerk characteristics make such trajecto-
ries more adequate for precision motions and extend actuator life-span. Numerous
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methods and algorithms have been established which generate such trajectories with
jerk limitation [66, 67, 68, 64, 69, 70, 65, 71, 72]; additionally, the jerk profile can
be continuous or discontinuous depending on the method employed. Approximat-
ing a trapezoidal velocity profile with a smoother function, such as an exponential,
generates a profile that is less demanding for a controller to perform.
3.3.1 Exponential Function
A third-order exponential function is used to generate the basic velocity profile. To
generalise the analysis, a normalised (non-dimensional) time, u, is defined as:
u = α t (3.1)















Where vmax is the trajectory’s maximum or cruising velocity, α is a time-scaling
parameter, and t is the time. This function was originally developed to solve input
shaping based on the inverse dynamics of a second order system [73]. Figure 3.7a
illustrates the exponential function profile for three values of α = 0.5, 1, 2; as it can
be seen, the larger values result in a steeper exponential function, and thus when used
as a velocity profile, generate a greater acceleration. The normalised acceleration and
jerk profiles are illustrated in Figures 3.7b and 3.7c. This normalisation allows the
method to use a single exponential profile to calculate any demand trajectory. This
enables the implementation to be based on storing the function profile in a simple
look-up table.
3.3.1.1 Function Maxima
In order to ensure that actuator limits are not violated during the trajectory, the
maximum velocities, accelerations and jerks of the function must be computed. The
maximum values for these occur at:
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(a) Exponential velocity function with various
α values



























(b) Normalised acceleration, f˙(u)

























(c) Normalised jerk, f¨(u)























Where tam and tjm represent the times at which the maximum acceleration and
jerk values occur, respectively. Substituting these times into the respective trajectory
equations, their maximum values are found as:
|Vmax| = |vmax|
|Amax| = |vmax · α · 1.1754| (3.4)
|Jmax| =
∣∣∣vmax · α2(6Q− 9Q4) · e−Q3∣∣∣
=
∣∣vmax · α2 · 2.1524∣∣
Therefore, given the actuator velocity, acceleration and jerk limits as Vmax, Amax
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and Jmax respectively, the maximum α value which can be used, thus generating the











3.3.1.2 Approximation to the time-optimal velocity
Time-optimal LSPB trajectories exploit the maximum acceleration available to the
system to produce the fastest possible PTP motions. Figure 3.8a illustrates the
position, velocity and acceleration profiles of such a motion. This approach results
in step accelerations and trapezoidal velocity profiles. In this particular example, the
desired motion distance (displacement) is 1 m, the maximum velocity is 1 ms−1 and
the maximum acceleration 2 ms−2. As shown, the acceleration is discontinuous and
changes instantly from zero to the maximum value. In real systems, this would also
require the force to change instantaneously; this is physically impossible, resulting in
poor motion tracking.























(a) LSPB time-optimal trajectory























(b) S-curve velocity (jerk limited)
Figure 3.8: Trapezoidal and S-curve velocity profiles
Using an S-curve velocity profile negates these issues by smoothing out the trape-
zoidal velocity, and instead generates trapezoidal accelerations. This makes the overall
motion slightly slower, as some extra time is required to allow the system to reach
the maximum acceleration, rather than assuming it will instantly reach the value,
i.e. near time optimal. Figure 3.8b illustrates an S-curve velocity profile, with corre-
sponding position and acceleration profiles. The first derivative of acceleration, i.e.
jerk, now has a bounded value, and its jerk profile (not shown) has a rectangular
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shape akin to the resultant acceleration profile of the trapezoidal velocity. The S-
curve profiles used in these comparisons have been generated using the method in
[65].
In order to create an approximation to a near time optimal trajectory, use of two
of the velocity profiles defined in Equation 3.2 is proposed, used in sequence:
v(t) = f(t)− f(t− Td) ·H(t− Td) (3.6)
Where H(t) is a Heaviside function, defined as:
H(x) =
{
0 for x < 0
1 for x ≥ 0 (3.7)





























Figure 3.9: Exponential velocity profile
Figure 3.9 illustrates the resultant exponential velocity profile. From t = 0 until
Td a single velocity profile is evaluated. At time Td the second exponential function
starts being evaluated but is subtracted from the first. This results in a velocity
profile that is similar in essence to one produced by the S-curve method, but the
subtle difference is that rather than having a rectangular jerk profile, it more closely
resembles a sinusoidal shape which is smooth and continuous, as illustrated in Figure
3.7c.
Being a velocity profile, the position must be calculated by integrating it over t = 0
to tend, where tend is the time at which the velocity returns to 0 ms
−1. Obviously,
the desired end position must be achieved at this point. The integration of this
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function cannot be calculated analytically, and the concatenation of the two profiles
at the correct time complicates this further. The position profile would thus be
obtained by integrating numerically. However, the area under the profile for a desired
displacement, ∆x can be simply found as:
∆x = Vmax · Td (3.8)
As illustrated in Figure 3.9, this is because the summation of the areas under the
combined curves i.e. A1, A2 and A3, equals a rectangle of height Vmax and width Td.
The function accelerates for Ts seconds; this time defined as the settling time of








It is possible to attain a settling value closer to 100% of Vmax by reducing the
0.001 figure.
The velocity then cruises at the maximum speed before taking Ts seconds to reach
the resting velocity. Thus, the total travel time tend can be calculated by:
tend = Td + Ts (3.10)
Increasing Vmax means that the delay time Td would be shorter; additionally, in-
creasing the acceleration means that Vmax is reached sooner. The parameter tying
these two together, α, is thus evaluated beforehand to ensure that velocity, acceler-
ation as well as jerk limits are respected; as described in Equation 3.5. Thus, given
the demanded motion ∆x, the relevant timings Td and tend can be easily calculated.
3.3.1.3 Sequencing PTP Trajectories and Blending
The previous section illustrates how to compute a single PTP motion. A sequence of
motions can be generated by iterating the procedure. Each required PTP displace-
ment can be converted into time delays and used sequentially.
Given a sequence of required displacements x = (x1, x2, ...xn) the corresponding
time delays are: Td = (x1/Vmax, x2/Vmax...xn/Vmax). If each subsequent motion is
started after the previous has reached its desired position (without any trajectory
blending), then the total travel time for a sequence of n motions is:
Tt =
x1 + x2 + ...+ xN
Vmax
+ n Ts (3.11)
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During the period Td to tend, i.e. the braking period, the proceeding profile can
begin evaluation. This results in the next function starting before the previous one
ends, thus, blending motions. The amount of overlap or blending is varied by con-
trolling the point during the braking region where the second function begins. A 0%
overlap indicates that subsequent motions only start when the preceding one reaches
its zero velocity. A 100% overlap would cause the second function to start at Td
i.e. overlapping the braking and acceleration regions of two functions. With a 100%
overlap the total travel time would be:
Tt =
x1 + x2 + ...+ xN
Vmax
+ Ts (3.12)
Figure 3.10 illustrates this concept more clearly. Here, the generated x and y
Cartesian velocity commands (absolute values) for tracing a square are shown. The
upper figure shows how each motion starts and ends at zero velocity, i.e. without
any blending. The lower figure shows the same commands but with 100% blending
applied. As can be seen, subsequent motions begin evaluation at the delay time, Td
of each preceding one. The velocity is thus always non zero until the final motion is
completed.


































Figure 3.10: Unblended and blended Cartesian velocity commands
Controlling this overlap allows for a simple trade-off between way-point tracking
accuracy and the path’s duration.
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3.3.1.4 G-Code Interpolation
Some lines of example G-code output from stl file conversion software (Slic3r) is given
below;
G1 X10.000 Y -15.000 Z0.250 F7800.000
G1 X15.000 Y -15.000 E0.05601 F1080.000
G1 X15.000 Y -10.000 E0.05601
Here, G1 is defined as a controlled move operation to the given X, Y, Z and E
(extruder) positions. F values are feedrates, used by the firmware reading the G-
code to calculate required acceleration for a particular motion. They are ignored
in this case, as velocity and acceleration limits are set beforehand, determining the
maximum allowed values for a motion. The start of any print begins with the printer
at its home positions, i.e. X0, Y0, Z0. A MATLAB script parses each line and
calculates the differences between each position. The overall procedure is as follows:
• Calculate differences between subsequent positions,
• With the given velocity, acceleration and jerk values, αmax and the associated
exponential settling time (Ts)for each movement is calculated,
• Given ∆positions and Vmax, braking times (Td) are calculated for each motion,
• Values are stored in new instruction file to be passed to robot or printer con-
troller.
The controller then uses the α, settling time and braking time values to scale the
stored exponential look-up table accordingly and generate velocity profiles for the
motor outputs. Testing was carried out on an industrial robot arm.
3.3.2 Experimental Testing
The developed method was used to generate parameters (α, Vmax, and Td), given a set
of velocity, acceleration and jerk limits, for stop-to-stop motions between Cartesian-
space points using a Matlab script. A real-time Simulink model, with an interface
block designed for KUKA, uses these parameters to generate velocity commands to
send to the robot. An image of the device used is shown in Figure 3.11. The robot
controller automatically performs the inverse kinematics for the joint angles.
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Figure 3.11: Kuka 6 DOF robot
Three different paths are used in the experiments; a 10 x 10 cm square, a rough
figure of eight - composed of two hexagonal shapes with 10 cm length sides, and
the same 10 cm2 square overlaid 10 times to evaluate repeatability. They are each
effectively sets of waypoints connected together using the exponentials to describe
a path. These are run at low and high speeds. After each motion is completed,
the robot is homed to the same starting position. In order to compare the accuracy
of the methods, the routes traced from repeating 10 squares are averaged to give a
mean travel path. An average error value, i.e. deviation of end effector from desired
positions, is also found for each method.
The S-curve and trapezoidal velocity algorithms naturally generate quicker mo-
tions. Their limits are thus adjusted (reduced) so as to slow the motions down to
within 100 ms, i.e. the average speeds equalised; a faster motion is more prone to
overshooting the path points and would thus give an unfair comparison. The limits
given to the different algorithms are detailed in Table 3.1, and Tables 3.2 and 3.3
show the resultant motion durations of using these limits.
Figures 3.12 and 3.13 illustrate the desired and achieved motions for a square
path (mean of 10 runs) when using the different methods, run at the higher speed.
Results of the slower motions are excluded as the differences between these (i.e. low
speed tracking accuracy) are negligible. Similarly, the desired and achieved paths of
the figure of eight shapes and single square runs are excluded; results are similar to
the 10 square experiments. The figure of eight shapes are instead used to illustrate
the method’s blending functionality, with figures 3.14 and 3.15 showing the effect of
40
using different overlap parameters.
Table 3.1: Velocity (ms−1), acceleration (ms−2) and jerk (ms−3) limits for each func-
tion
Original S Curve (adj.) Trapezoidal (adj.)
Vel Accel Jerk Vel Accel Jerk Vel Accel Jerk
Slow 0.05 5 200 0.05 5 102 0.05 1.2 -
Fast 0.5 8 200 0.5 8 102 0.5 3.6 -
Table 3.2: Actual motion durations (s) using original limits
Speed Shape Traced Exponential S Curve Trapezoidal
Low
Figure of Eight 25.00 24.85 24.59
10 Squares 81.77 81.26 80.40
High
Figure of Eight 4.13 3.68 3.20
10 Squares 13.60 12.10 10.5
Table 3.3: Actual motion durations (s) using adjusted limits
Speed Shape Traced Exponential S Curve Trapezoidal
Low
Figure of Eight As prev 25.00 24.97
10 Squares As prev 81.77 80.67
High
Figure of Eight As prev 4.13 4.11
10 Squares As prev 13.60 13.56
3.3.3 Discussion
Figure 3.13 shows that the performance of the exponential method is comparable to
the S-curve algorithm, but in general tracks the corners of the square shape more
accurately. This can be attributed to the continuous jerk of the exponential method;
as mentioned in the literature such a motion is easier to track. Table 3.4 shows the
distances of the points closest to the corners of the square, with table 3.5 showing
the overall mean errors and standard deviations of the various methods. This was
found by averaging the accuracy error for each of the three indicated corners, A, B
and C. With the unadjusted motions (i.e. faster average velocities) the performances
are even worse in comparison, but this is to be expected.
There is also some slight deviation from the straight-line paths, but this is present
with all the tested methods. The methods have been implemented using cartesian
velocity control and use of position control would be required to correct the deviations.
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Figure 3.12: Desired and achieved square path





























Figure 3.13: Corner B zoomed view - square trajectory
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Table 3.4: Mean error from corners (mm)
Corner Exponential S Curve Trapezoidal
A 1.05 1.23 1.98
B 1.1 1.34 2.07
C 1.04 1.27 2.07























Figure 3.14: Figure of eight path with various blend parameters
As the jerk profiles of the exponential motions are continuous, one would expect
the resulting joint torques to be lower than that of the S-curve counterparts. How-
ever whilst being discontinuous, the motions are still jerk bounded; this leads to the
joints experiencing similar torques throughout the experiments. The results are thus
omitted here.
For a given jerk limit, the exponential method is slightly less efficient due to its
inability to generate profiles with trapezoidal accelerations, such as those shown in
Figure 3.8b. Once the acceleration limit is reached, acceleration begins to reduce
immediately (as in Figure 3.7b). It is therefore not time optimal as such. Generating
such motions would involve either repeatedly overlaying multiple modified profiles
Table 3.5: Overall mean error and standard deviation (mm)
Exponential S Curve Trapezoidal
Mean Error 1.06 1.28 2.04
Std Dev 0.06 0.07 0.1
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Figure 3.15: Corner A zoomed view - figure of eight
Table 3.6: Effect of overlap on motion duration (figure of eight path)
Percentage Overlap(%) 0 50 60 80 100
Motion Duration (s) 4.13 3.29 3.12 2.78 2.45
(with adjusted delays) to approximate a trapezoid, or using the base function shown
in Equation 3.2 to generate the acceleration instead of the velocity. The former
would lead to multiple evaluations of the exponential being carried out; the latter
leads to a higher order exponential and the requirement of integrating twice for the
position, somewhat negating the simplistic nature of this method. An advantage to
this approach however is the generation of continuous jounce profiles, i.e. the 1st
derivative of jerk.
The blending function effectively overlaps the start of the next motion with that
of the current one. This has the effect of reducing the overall motion duration, as the
overall path length is shortened. A figure-of-eight shape was used to evaluate various
blend percentages, as shown in figures 3.14 and 3.15. Table 3.6 shows how the motion
duration is affected by using higher blending percentages; it can effectively be reduced
down to values similar to those produced by the time-optimal LSPB method, but with
the added benefits of having continuous acceleration and jerk. The trade-off is slightly
reduced accuracy at the waypoints, and as can be seen in figure 3.15 results in some
rounding of the corners. The ‘tightness’ of the corner tracking is thus controlled by
how much overlap is used.
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The blending method shown in [72] involves generating multiple stitched fifth order
polynomials (quintics) to describe a motion, e.g. a trapezoidal type acceleration can
require three; one for the acceleration ramp up, one for the velocity cruise and one
for the acceleration ramp down. Blending the actual motions together then involves
an additional fifth order polynomial, which determines the tightness of the waypoint.
In comparison, the exponential method uses only one single parameter to control
the blending. The computationally expensive calculation of the exponential function
needs to be performed just once off-line and stored in a normalised manner in the real
time controller. The controller then only needs to perform simple multiplications to
compute the required motion. This concept is used in the LabVIEW code controlling
the custom printing rig.
3.4 Hydrogel Printing
High molecular weight polymers of acrylic acid i.e. polyacrylic acid (PAA), also
known as Carbomers, have the ability to absorb and retain water at neutral pH thus
swelling to many times their original volume. Carbomers are usually white, fluffy
powders and are often used as thickening, dispersing or emulsifying agents in various
pharmaceuticals and cosmetics [74, 75]. Addition of a base such as sodium hydroxide
(NaOH) to an aqueous carbomer dispersion gives controllable thickening between pH
6 to 8, resulting in a non-Newtonian (shear thinning), stable, non-toxic hydrogel. As
it is shear thinning, the hydrogel can be moulded and formed into self supporting
structures, and thus depending on the amount of polymer used and the attained pH,
can also be extruded through a nozzle for printing.
3.4.1 Printing of Carbomer Hydrogels
Carbomer hydrogel was prepared by gradual addition of 1 wt% of powder to deionised
water with magnetic stirring. As the powder is non-wetting, dispersion is also aided
via sonication. This results in an acidic liquid, which is neutralised by adding 18%
NaOH at a ratio of 2.3x Carbomer by mass. In addition, a second batch of hydrogel
was prepared with 10 wt% of TiO2 powder (Sigma 14021) added before neutralising to
colour the gel, giving two different printing materials and providing an opportunity
to investigate how additives affect gel behaviour. To print parts using the gels, a
syringe driver was built and attached to the 3D printing rig (Figure 3.16). The pre-
existing polymeric extruders were removed and their drive signal outputs connected
to the stepper motors actuating the syringe plungers. Alterations were made to the
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LabVIEW code to account for the different material volume dispensed per motor
revolution. As the gels are shear thinning, they can be easily transferred to the
syringes with a spoon before loading into the printer.
Figure 3.16: Dual syringe driver constructed from 3D printed parts and stepper
motors with trapezoidal screw rotors. A mating trapezoidal nut is secured in the
plunger actuator.
3.4.1.1 Multi Material Gel Printing
To test the abilities of the modified setup, a dual material, multi-part device made up
of three sub-contained cubes was designed and printed. To simplify the printing, the
outer two cubes are split into two shells and printed sequentially (Figure 3.17). Apart
from simply adjusting the extrusion scaling factor, some slicing parameters required
optimisation for gel-printed objects to be of an acceptable quality. These include:
• Orifice size - This depends on the nozzle attached to the print head, in this
case, the syringes. 18 gauge blunt-tip Luer Lock needles can be seen attached
in Figure 3.16. This corresponds to a 0.838 mm inner nozzle diameter.
• Layer Height - This must be set to a value less than or equal to nozzle diameter.
Finer layer heights and print resolution can also be achieved by using lower
extrusion rates for a given nozzle size.
• Retraction - Actuation of the hydrogel-loaded syringe has a similar effect to
compressing a spring, as sufficient pressure must be achieved before the gel
begins to thin and extrude. Reversing the syringe actuation slightly releases the
pressure allowing for non-extrusion movements to occur with minimal oozing.
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Figure 3.17: Exploded view of multi-component design for 3D printing of alternately
coloured encapsulated cuboids
Figure 3.18: Multi component print at various stages of completion. Final dimensions
30 x 30 x 20 mm (LxWxH)
Figure 3.18 shows the multi-part object at various stages of printing, illustrat-
ing some printing issues. Over extrusion led to improperly formed features such as
deformation of sharp corners (Figure 3.18 (C,F), incorrect calibration caused some
print misalignments (Figure 3.18 D). The object was also CT scanned (Nikon XT H
225kV), revealing further issues within the structure.
Figure 3.19 shows reconstructed images from the CT data. Figures 3.19 E and F
show evidence of some over-extrusion causing the centre to bow upwards. Some large
air pockets can also be seen in Figure 3.19 B and E. During and after preparation,
air bubbles can be readily seen in the unmodified (i.e. without TiO2) gel; it was
found that whilst not completely eliminated they are reduced with careful stirring
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Figure 3.19: CT imaging of printed cuboids. A - C show horizontal cross sections, D
- F show vertical cross sections. Dimensions 30 x 30 x 20 mm (LxWxH)
Figure 3.20: Dual material print where internal cube part is stained with iodine. Left
most image shows freshly printed part, right images show same part after 5 hours.
Dimensions 20 x 20 x 15 mm
and mixing of the solution during the addition of neutraliser. This is to be expected
due to the nature of the solution beginning to thicken whilst stirring, trapping air
into the mixture. Consequently it was found that leaving the mixture in a closed
jar whilst refrigerated overnight greatly reduced the size and amount of air bubbles,
sometimes eliminating them completely. However, addition of TiO2 particles was
found to affect the gel rheology, inhibiting this effect. Using soluble dyes or inks rather
than solid particles can compensate for this, but this eventually results in colour
diffusion between adjacent printed parts (Figure 3.20). Alternatively a centrifuge
could be used to remove any trapped air.
Further improvements in deposition and over extrusion were achieved by upgrad-
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Figure 3.21: Auger extruders. (A) illustrates working principle, rotation of screw
valve extrudes material at a proportional rate. (B) illustrates controlled deposition
of 0.5 mm diameter drops of solder paste. (C) shows 3D printed components for
attachment of Techcon DMP auger screw and nozzle to a stepper motor. (D) shows
auger extruders attached to custom 3D printing rig.
ing the deposition method from simple syringe extrusion to auger driven extrusion.
Whilst improving control via implementation of retractions did alleviate some over
extrusion issues, the print quality is ultimately limited by the hardware. Fine control
of the syringe position is impeded by stiction and minimum nozzle size is restricted by
gel viscosity. An alternative to this deposition method is to use an auger valve, which
is essentially an Archimedes’ screw. Such valves are often used for precise deposition
of adhesives and solder pastes, and can handle materials with higher viscosity more
easily. Rotation of the screw valve results in precise extrusion of the gel or paste,
provided a constant material feed is provided to the screw inlet. This process is il-
lustrated in Figure 3.21 A, with an example of deposition capabilities shown in sub
figure B, where 0.5 mm diameter drops of solder paste can be seen to be repeatably
deposited. Sub figure C shows the components in a Techcon DMP 8 auger valve,
with 3D printed parts available on-line [76] allowing for the valve to interface with
a stepper motor. Subfigure D shows revised printed components re-purposing the
syringe drivers to provide material feed for auger inlets, allowing for two valves to be
attached to the printing rig. Alterations were made to programming code in order
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Figure 3.22: CAD model (left) and resulting 3D printed part (right) using revised
printing hardware
Figure 3.23: The printed multi-part gel object shown in Figure 3.18 (left) shown
to have shrank to 5% of original volume (right) after leaving for 72h in ambient
environment. Scale bars 10mm
to match the flowrates of material extruded from the syringe and auger tips. Figure
3.22 shows improved print quality achieved with revised hardware; the printed object
contains overhanging (unsopported) material and fine detailing which was accurately
reproduced from the CAD model. Further detail can be achieved using a finer nozzle
and layer height.
An interesting effect was observed after leaving objects to dry in normal atmo-
sphere for several days. Figure 3.23 shows how water from the hydrogels evaporated
away, leaving behind carbomer polymer and TiO2 powder, whilst retaining original
aspect ratios. The part was turned over whilst drying to allow the bottom surface to
dry more easily. This presents a possible way of printing of parts at low resolution,
and allowing them to dry for a final higher resolution print. An initially low concen-
tration of any additives are eventually brought closer together. This however would
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be difficult to control with regards to drying mechanics, especially with non-uniform
parts. Further experimentation in this case was not performed.
3.5 Conclusions
Development of an expandable, custom 3D printer rig is described. The rig is compat-
ible with multiple printing methods such as FDM and IJP, and is also demonstrated
for use with hydrogel printing. Further components such as valves, pressure regula-
tors or even additional nozzles can be added when required and integrated into the
system with some modification to the LabVIEW code.
An exponential based trajectory-planning algorithm was developed and compared
with traditional LSPB and S-curve velocity methods. The method is tested on a
KUKA 6 DOF robot; the results show that the proposed method gives better tracking
accuracy when switching between paths, is jerk continuous, simpler to implement than
the S-curve counterpart and also provides an easy way of blending continuous paths
together. Although the method cannot generate trapezoidal accelerations, it is more
than sufficient for the kinds of motions involved with 3D printing. This method is
fully implemented on the custom printing rig and the rig is used extensively for the
work described throughout the remainder of this thesis.
The following chapter discusses printing of metallic conductors, with FDM and IJP
printing approaches explored. Full control over process parameters such as extrusion
temperature and rate, positioning speed, and substrate temperature was found to
be crucial in the development and application of the printing materials and methods
employed, with these needs addressed by the custom nature of the purpose-built
rig. This also allowed for simplified development of a conductive polymer/carbon
composite filament for electroanalytical applications, described in chapter 5; testing
of various polymer composite filaments required a different set of printing parameters
for each formulation. Finally, improved gel extrusion hardware resulted in repeatable,
accurate printing of the cellulose solutions described in chapter 6. An interesting
observation is the shrinking of printed gels, whereby a printed object was found to
reduce to approximately 5% of its original volume when left undisturbed for 72h.
This could be used to develop high resolution prints from initial lower resolution
construction, but is outside the scope of this research.
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Chapter 4
Printing Metals for Electronics and
Sensors
In this chapter, experiments involving printing of metals are explored. Although the
main focus of this thesis is on polymer composites, printing of metals is useful for
circuitry and electronics, as they are inherently highly electrically conductive. This
allows for efficient power transfer as well as effective communication between sensors
and associated hardware used to collect the data. In order to be compatible with
printing methods mentioned earlier in this thesis, the material being printed must
be provided or modified into forms such as a dispersion or solution (i.e. for inkjet
printing), or a filament (for fused filament fabrication). Both methods are explored
here.
4.1 FDM Printing of Tin Based Alloys
Printing of metals such as tin based alloys, has either been limited to simple planar
structures [17], or involves modification of costly equipment for printing of 3D ob-
jects [18]. In these cases, tin-bismuth alloys are used for printing, the former involving
pneumatics to dispense molten alloy and the latter using filament extrusion through
a heated nozzle (i.e. FDM). Other methods using pneumatic actuation have involved
generating microdroplets to deliver molten alloy through a micro-machined silicon
nozzle [77], or through a heated syringe into a cooling bath whereby semi-molten
droplets merge together to form solid objects of low resolution [39]. Controlled depo-
sition of such alloys are difficult given their mechanical properties when molten (high
surface tension, low viscosities); an example of this can be easily seen in soldering
of electronic components, where the high surface tension of molten solder and low
wettability to non metals causes it bead together uncontrollably.
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4.1.1 Previous Developments
Previous work in this area has shown a preference to non-eutectic alloys. These can
be used in a range of temperatures between solidus and liquidus values of the alloy
giving a paste-like slurry of solid particles suspended in liquid. A semi-solid slurry
undergoes less shrinkage during solidification and retains its deposited shape more
easily [18, 78]. The solid ratio of such an alloy is determined with its temperature
and composition thus allowing for the viscosity to be tuned, facilitating material
deposition and overcoming the issues of low viscosity molten metals and alloys.





Figure 4.1 shows a typical phase diagram illustrating the relation between material
composition, temperature and material state for a binary alloy system. L stands for
liquid phase, A and B are the constituent materials and α and β are their respective
solid phases. Consider a particular composition, C. On cooling, freezing begins at T2
where the first solid material, β, beings to form. As temperature is decreased further
the amount of B in the liquid is reduced as more solid is produced until finally the
alloy completely solidifies at T1. The amount of solid material at a given temperature
and for a given composition may be calculated using the Lever Rule (equation 4.1),
where a is the distance on the graph from a given composition C to the liquidus phase
L, and b is the distance from C to the solid phase β for a given temperature. Using
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this rule allows the solid-to-liquid ratio to be controlled through alloy composition
and applied temperature, enabling material properties suitable for printing.
Figure 4.2: Ternary phase diagram for Tin-Bismuth-Indium alloy
[79]
Addition of Indium to Bi-Sn based alloys is shown to give enhanced alloy proper-
ties desirable for 3D printing, including improved wetting characteristics and reduced
dross formation [80, 81], as well as being substantially less toxic than lead based al-
loys. The phase diagram of one such alloy is shown in Figure 4.2. Alloys with 80
and 70 atomic percent, indicated by Alloy 1 and Alloy 2 respectively from Figure
4.2, have been used in combination with traditional polymer filaments to print elec-
tronic circuitry using a modified Rep-Rap device [38]. Alloy 1 gives a solid ratio of
approximately 80% at its melt transition, thus providing a sufficiently high viscosity
for printing. As seen in Figure 4.2 this alloy begins melting at approximately 130◦C
before entering a solely liquidus phase at 195◦C. It was found that extruder tempera-
ture needed to be about 150◦C to allow for consistent extrusion; above this deposition
would dilate and be difficult to control. The high solid ratio at the beginning of the
melt range placed a large amount of shear on a low friction PTFE liner contained
within the extruder which led to failure after minimal printing. This can be coun-
tered by increasing the operating temperature, thus moving further up the graph and
reducing the solid ratio, but this would rapidly lead to dross formation and blockages
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Figure 4.3: Examples of planar and 3D printed metal structures. Scale bars 10mm
within the nozzle after minimal printing. Therefore the solid ratio at the melt point
was reduced to approximately 50% resulting in an alloy composition of 57.98 wt.%
Sn 39.9 wt.% Bi 2.1 wt.% In (Alloy 2), with a melt region of approximately 130 to
155◦C [38].
Due to the low melting temperature of the alloy, filaments can be easily manu-
factured by heating it into the liquidus phase and casting it into silicon tubing using
a syringe. The tube is then cut open giving a filament of diameter equal to that of
the inner diameter of the tube. These filaments are limited in length (approx 20 to
40 cm) as the molten alloy quickly freezes as it travels up the tube, which is at room
temperature. Filaments produced with this method are brittle, snapping easily when
bent. Thus some care is required in casting the filaments to have few bends when
frozen to ensure they feed easily into the extruder.
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4.1.2 Process Improvements
Filaments produced using the aforementioned tube-casting method allow for small
parts to be produced given their limited length. Figure 4.3 illustrates some examples
of printed structures achieved using tube-cast filament. However, it was found that
use of an entire piece of tube-cast filament is not possible, with nozzle jamming
occurring towards the end of every print. Closer inspection revealed that opposing
ends of tube-cast filaments tend to have different physical appearances, giving a
smooth end and a rough, porous end (Figure 4.4a). Filaments would naturally be fed
starting with the smooth end to aid in loading. It was found that when using the
rough end to print (i.e. after the smooth region had been fed through or when starting
with the rough region), the nozzle would quickly become blocked, and would need
higher temperatures to clear the nozzle and resume printing. However this would
then lead to the aforementioned issue of dross formation and lack of control due to
low viscosity of extrudate.
SEM analysis of the different regions revealed vastly different microstructures.
Figure 4.4b shows how the smooth region has finely dispersed grains whereas the
rough region has crystalline domains with large bismuth rich regions (light regions)
and dendritic growth of tin rich structures (darker regions) with larger connected
particles overall. This reveals that the differences in filament appearance and printing
behaviour are down to how the alloy cools in the tube. The smooth region is closest
to the syringe and undergoes rapid cooling as it travels up the tubing and quickly
freezes. The remaining alloy cools at slower rates as it travels up a now pre-warmed
tube.
These differences in microstructure may explain why the smooth region of the
filament gives better printability but jams when using the rough region. The small,
finely dispersed grains of the smooth region mean that the solid particles are also small
and the resulting slurry flows easily through the nozzle. The rough region on the other
hand has larger particles; the bismuth-rich regions being softer melt and flow more
easily, leaving behind particles which are more tin-rich. The resulting composition of
the alloy in the nozzle shifts towards the right hand side of the phase diagram, which
has a higher melting temperature. Once the tin-rich blockage is cleared, the nozzle
temperature is too high for the alloy to remain as a slurry and the viscosity quickly
drops with the alloy now in the solely liquidus phase. This coincides with having to
raise the nozzle temperature to clear the blockage.
The different cooling rates of the metal may also explain the porosity in the more
slowly cooled regions of filament. A phenomenon known as hydrogen embrittlement
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(a) Opposing ends of tube-cast filament. Scale bar 10mm
(b) Opposing ends under SEM imaging. Left shows smooth end.
Figure 4.4: Variation in microstructure and overall appearance of tube-cast filaments
is known to occur whereby molecular hydrogen dissolves readily in molten metals,
accumulating within grain boundaries in the alloy. Slow cooling of the metal allows
the hydrogen to diffuse out to the surface [82].
A more controlled way of producing consistent filament with fine microstructure
is thus required for effective, continuous printing. The Ohno Continuous Casting
(OCC) method uses water cooling to continuously produce a single crystal wire when
a single element metal is used [83, 84]. The use of a heated mould prevents formation
of crystals on its wall surface as its temperature is held above the solidifying point
of the molten metal and the metal is rapidly cooled outside of the mould (Figure
4.5a). When a multi-element alloy is used in this process, the water cooling prevents
formation of large crystals and gives a fine-grained microstructure. A setup as shown
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in Figure 4.5b was used to produce water cooled filament to evaluate for printing use.
An image of the constructed apparatus is shown in Figure 4.5c.
(a) Effect of using a cooled vs heated mould for wire casting on grain
formation
(b) OCC schematic Diagram [85]
(c) Constructed continuous casting apparatus
Figure 4.5: Ohno Continuous Casting
Continuous metal filaments were successfully produced using the OCC setup and
microstructure of samples examined by metallographic etching. Images of metallo-
graphic specimens prepared from OCC filaments produced at various speeds, as well
as a tube-cast sample, are shown in Figures 4.6 A to H. It can be seen that at the
lowest tested casting speed of 7 mms−1, although there is a marked improvement with
regards to reducing grain size and dendrite formation, small areas still remain where
blocks of individual alloy elements have separated from the alloy. Doubling the cast-
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Figure 4.6: Etched metallographs of OCC filaments cast at various speeds, revealing
a much finer grain structure than tube cast filaments. Increasing casting speed gave
further improvement. (A,B) Tube cast samples, (C,D) OCC 7 mms−1, (E,F) OCC
14 mms−1, (G,H) OCC 28 mms−1. Scale bars (A,C,E,F) 200 µm, (B,D,G,H) 100 µm
ing speed to 14 mms−1 resulted in filaments with an even finer microstructure, as well
as eliminating the formation of individual blocks of alloy elements. Finally, samples
of filament cast at 28 mms−1 showed marginal improvement in microstructure.
The finer grain structure of OCC filaments resulted in drastic improvement to
filament ductility, allowing for filament to be coiled without brittle fracture as demon-
strated in Figure 4.7a. In addition, surface porosity was eliminated, with continuous
casting producing a smoother, shinier, more metallic finish in comparison to tube-
cast filaments (Figure 4.7). However, the somewhat rudimentary nature of OCC
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(a) Continuously cast filaments are much longer and ductile enough to be coiled (top),
tube-cast filaments are limited in length, and fracture when bent lightly (bottom)
(b) Continuously cast filaments (left) have a smooth, shiny, metallic finish whereas tube-cast
ones are dull and porous
Figure 4.7: Difference in mechanical properties and physical appearance between
continuously cast and tube-cast filaments
setup meant that the heated mould requires periodic manual refilling during casting,
and at higher speeds proved difficult to control accurately. This results in filaments
of inconsistent diameter throughout their lengths. This could be avoided by using
a larger mould in combination with an automated method of feedstock supply or
one that helps maintain a constant height of liquid alloy. Improved process control
should lead to the manufacture of filament with better diameter tolerances, and thus
improved printability.
4.2 Printed metal electrode
As mentioned in section 2.1.1.2, use of metals are typically avoided in electrochem-
istry with the exception of noble metals, which are less reactive. Thus a way of
exploiting the advantages offered by printable metallic conductors would be desir-
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able. Applying a protective coating of a more bio-resistant/compatible material can
offer a way of circumventing the problems encountered when using the more reactive
elements present in the printable alloy. Thermal evaporation of gold was attempted
unsuccessfully; coating was uneven, leaving most areas uncoated. Additionally, the
high temperatures involved warped the printed parts, as illustrated in Figure 4.8a.
Sputter deposition was thus attempted instead, which gave a much more uniform
coating, as illustrated in Figure 4.8b.
(a) Evaporation coating method causes dam-
age to printed metal samples
(b) Printed metal samples successfully sputter
coated
Figure 4.8: Gold coating of printed metal electrodes
Figure 4.9: Electrode material undergoing oxidation under applied potential. Hydro-
gen bubbles can be seen forming near the platinum wire counter electrode
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Electrochemical testing was carried out briefly, using the printed meshes in Figure
4.8b as working electrode in a three electrode setup; a platinum wire as a counter
electrode and an additional reference electrode are used with phosphate buffered saline
as electrolyte to complete the cell. A potentiostat applies voltages and measures
current flow between electrodes. In this case, such a setup is used to evaluate and
characterise the printed meshes for use as electrode material.
Overall, testing proved to be unsuccessful. Figure 4.9 illustrates how white ma-
terial appears to be leaking out of the electrode under applied potential, possibly
through microscopic pores in the gold layer. The intricacy of the printed shape
makes it difficult to coat the entire part effectively. When used here as an anode,
electrons leave the electrode thus oxidising the metal. Metals cannot develop a passi-
vation layer to prevent further oxidation when immersed in aqueous solutions, leaving
a bare metal surface in an active state [86]. Creating an electric potential through
aqueous solutions generates corrosive hydrogen ions which move between the elec-
trodes for the redox reactions. A heavier coating of gold could be applied in order to
remedy the issues faced, but this is inherently expensive.
4.3 Ink Jet Printing
Ink jet printing (IJP) can be used as an alternative approach to printing of conduc-
tors. However for obvious reasons, the printing material must be in a low viscosity,
liquid form for jetting rather than a solid filament as seen in the previous section.
Alternatively, micro or nano sized particles suspended or dissolved in appropriate
solvents can be used. Further details on the IJP process are described in section
2.2.4.
The non-contact nature of deposition offered by IJP allows for printing to take
place on virtually any substrate material. One application of interest that arises from
this is the use of flexible or stretchable materials as substrate. The ability to deposit
conductive material in a controlled and precise manner on such materials can thus
allow for production of electrochemical and electromechanical devices for applications
such as wearable electronics. Printing tests were thus carried out on a variety of dif-
ferent substrate materials to determine suitability for said application. An aqueous
solution based ink was employed, using silver acetate as silver precursor, dissolved
in ammonium hydroxide and formic acid. The preparation process is described else-
where [45]. This type of ink contains no particles, thus eliminating the possibility
of agglomeration of particulates which can lead to nozzle blockage. The nature of
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this particular ink requires mild heat treatment during or after printing to allow solid
silver to precipitate from the deposited solution.
Tested substrates were glass, silicone (PDMS), polyimide tape, tracing paper, bak-
ing paper, glossy photo paper and matte photo paper. Different drop spacings were
tested in order to determine optimum values for generating continuous and thus con-
ductive lines. Some surfaces were found to be more absorbent than others, affecting
printing resolution due to the way ink droplets interact with the surface and spread
as they land. On non-absorbent surfaces such as glass, polyimide or silicone, droplets
remained coherent due to the more hydrophobic nature of these substrates, conse-
quently prohibiting generation of continuous lines, as droplets in close proximity will
coalesce. These phenomena can be seen in the images in Appendix A. On absorbent
surfaces such as photo paper, lines were continuous but non-conductive, possibly due
to the coatings applied for the matte and gloss properties, or due to the fibres in the
paper impeding silver precipitation during final heat treatment.
Marginal success was achieved when printing onto glass and polyimide films, with
generation of continuous lines in some cases, provided enough layers were deposited.
Some droplet coalescence still occurred, impacting printing resolution (Figure A.1).
The low contact angle of ink droplets on silicone (Figure A.3a) led to surface treat-
ments being carried out in an attempt to improve droplet wetting and spreading
behaviour; PDMS was cast onto fine grit sanding paper (p4000), but this was found
to have no impact on wetting. Finally, oxygen plasma treatment was carried out onto
sandpaper-cast PDMS samples. This however caused excessive wetting behaviour
and loss of the ability to accurately control definition of deposited features (Figure
A.3b). The next section describes experiments involving a cellulose based substrate,
which proved to solve droplet contact and attachment problems.
4.3.1 Printing of Electronics on Cellulose
Electronics disposal is of significant concern. Printed circuit boards (PCB’s) are
constructed mostly from flame retardant, woven fibre-glass cloth and epoxy lami-
nate (FR4), which are non-biodegradable and not cost effective for re-use. Polymers
typically used in flex-PCB’s, such as polyimide or PEEK, face similar issues. This
presents a requirement for biodegradable material to ideally replace traditionally used
solid as well as flexible PCB substrates. A promising candidate which may be able
to fulfill said requirements is cellulose, which in addition to being biodegradable, is
also renewable. Cellulose is a polymeric carbohydrate, and can therefore be dissolved
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in certain solvents or ionic liquids. This allows it to be cast into custom shapes and
even thin, flexible films.
4.3.1.1 Material Preparation and Experimental Setup
Regenerated cellulose samples were provided by the Department of Chemistry at Uni-
versity of Bath for IJP experiments. 15 wt% α-cellulose samples were prepared using
methods similar to those shown in literature [87], with 1-ethyl-3-methylimidazolium
acetate (EmimAc) as ionic liquid, and regenerated using methanol as coagulant. Sam-
ples were also prepared with addition of 20 wt% Laponite RD clay flame retardant
filler (Na0.7[Mg5.5Li0.3Si8O20(OH)4](H2O)n). Cellulose/Laponite composite films were
produced by hot pressing at 90◦C between PTFE lined non-stick baking sheets prior
to regeneration in a methanol bath. Lastly, produced films were treated with a hy-
drophobising agent to investigate any effects on printed features. Cellulose composites
were immersed in 0.2 g (1wt%) of ethyl 2-cyanoacrylate (E2CA) in 19.8 g of toluene
for 1 hr at 4◦C, before leaving at ambient lab atmosphere for 1 hr to initiate poly-
merisation of of E2CA on the surface to poly(ECA), (PECA). This procedure was
carried out twice to ensure the surfaces were completely coated.
The LabVIEW program was set up to print three parallel lines using a 50 µm noz-
zle at different drop densities on the samples at a speed of 3mms −1. Drop densities
were set to 5, 10 and 15 drops per mm. Distance between the nozzle and material
surface (standoff distance) was set at 2 mm. Printing was performed on both sides of
a sample from a given batch/mixture. The waveform used is an asymmetric square
wave; the initial positive pulse has an amplitude of 17 V with a duration of 9 µs, the
negative pulse (echo) an amplitude of 15 V for 12 µs. The samples are subsequently
sintered on a hot plate at 50◦C for 10 mins to render the tracks visible for evalua-
tion, given the nature of the ink used [45]. Lastly, printing was carried out with a
heated print bed set at 65 and 90◦C for in-situ ink sintering, with layered printing
performed in a staggered fashion in an attempt to reduce droplet coalescence and
produce conductive tracks.
4.3.1.2 Results and Discussion
It was found that two different surface morphologies were produced on the cellulose
films, one being visibly shiny and glossy and the other giving a dull, matte appear-
ance. In general, the hydrophobising treatment used in these experiments succeeded
in increasing the hydrophobicity of the cellulose films. This can be seen in Figures
4.10 and 4.11. Comparison of printing results on the treated surfaces (C, D) with
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Figure 4.10: Printed lines on plain regenerated cellulose films (no additional Laponite
filler). (A) non hydrophobised dull side, (B) non hydrophobised glossy side, (C)
hydrophobised dull side, (D) hydrophobised glossy side. Each image shows 3 different
drop densities; 15 dmm−1 (left), 10 dmm−1 (middle) and 5 dmm−1 (right). Scale bars
200 µm
Figure 4.11: Printed lines on regenerated cellulose composite films (with Laponite
filler). (A) non hydrophobised dull side, (B) non hydrophobised glossy side, (C)
hydrophobised dull side, (D) hydrophobised glossy side. Each image shows 3 different
drop densities; 15 dmm−1 (left), 10 dmm−1 (middle) and 5 dmm−1 (right). Scale bars
200 µm
the untreated counterparts (A, B) shows that the individual droplets are much more
well defined and circular on the treated films. Smaller droplet sizes are due to higher
contact angles, causing the printed tracks to be narrower overall. However this also
means that the tracks are discontinuous, and would require additional passes to ef-
fectively fill in the gaps that remain. At higher drop densities the close proximity
of adjacent droplets again cause them to coalesce. On the untreated surfaces, these
larger droplets bleed and spread out more. This facilitates creation of continuous
tracks, but they are very inconsistent in width.
Droplet sizes were measured by image processing in ImageJ, using the area of
each droplet in the lines with lowest droplet density, i.e. 5 dmm−1. In these samples
droplets are spaced far enough apart to not interfere with adjacent droplets. Diame-
ter is then calculated from pir2 assuming each droplet is circular. Table 4.1 shows the
mean droplet areas and standard deviations; Table 4.2 shows the calculated average
droplet diameter. It was found that the surface roughness also plays a role in deter-
mining how well the printed features are produced, regardless of whether or not the
surfaces are treated. Figures 4.10 and 4.11 illustrate the difference in printing when
using the dull (A, C) and glossy (B, D) sides of the films, showing greater separation
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of individual droplets on the glossy sides; this is more clearly visible in the 15 dmm−1
density lines. This is not as effective as the hydrophobic treatment itself however,
which also results in much smaller droplet formation. Average droplet size is barely
influenced by surface roughness. Addition of Laponite filler gives a slightly dimpled
surface, having slight effects on overall print quality. Droplet sizes are marginally
larger on the hydrophobised samples in comparison to those without Laponite, possi-
bly due to some of the droplets landing on areas of the cellulose which are not perfectly
flat. In addition, higher sintering temperatures negatively impacted printing resolu-
tion. At 90◦C ink will bubble before sintering, forming lines that are non-consistent in
width and height. At milder temperatures, the ink evaporates without boiling giving
more consistent results. This is demonstrated in Figure 4.12.
Table 4.1: Average printed droplet area sizes (µm2). Standard deviation values in
brackets
Unhydrophobised Hydrophobised
Dull Gloss Dull Gloss
No filler 7500 (5) 770 (103) 3620 (850) 3740 (720)
W/ filler 7310 (8) 195 (720) 4230 (570) 4880 (102)
Table 4.2: Calculated average droplet sizes (µm) formed on the cellulose samples
Unhydrophobised Hydrophobised
Dull Gloss Dull Gloss
No filler 49 50 34 35
With filler 48 46 37 39
Figure 4.12: Printed lines being sintered in situ at 90◦C (left) and 65◦C (right) scale
bars 500 µm
Initial print experiments at 15 dmm−1 show droplets almost touching when on
hydrophobised samples (Figure 4.10d). At 15 dmm−1, centre spacing is 1 mm/15 =
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66.7 µm. Therefore shifting or offsetting the next layer by 25 µm would allow for
the subsequent pass to fill in the slight gaps left between droplets, whilst sufficiently
overlapping with the previous pass after allowing it to dry (Method A). This is il-
lustrated in Figure 4.13. A second, more robust printing method (Method B) is also
implemented which is compatible with a wider range of droplet sizes. Printed droplet
size can vary due to the surface being printed on, e.g. due to hydrophobic treatments
used or surface roughness. Fig 4.11b shows printing performed on hydrophobised cel-
lulose/Laponite composites, causing droplets in close proximity to merge into larger
droplets. By increasing the spacing between the droplets and performing multiple
shifted prints, more ink can be deposited per layer with a higher amount of droplet
connectivity, as initially jetted layers are given time to dry and thus droplets from
subsequent layers do not undergo the issue of merging into larger droplets. This
method is illustrated in Figure 4.14.
Figure 4.13: Printing with a single shift, allowing initial pass time to dry - Method A
Figure 4.14: Printing with multiple shifts, allowing previous passes time to dry -
Method B
Figure 4.15 demonstrates how these methods affect printability of continuous
tracks. A single print using Method B gave significantly improved connectivity than
when using Method A twice (i.e. 4 overall passes from each print). Method B was
thus employed to print a strain gauge onto unhydrophobised cellulose/Laponite com-
posites, evaluating printability on the most challenging of the presented cellulose
substrates. The heated bed was set to 65◦C to enable in-situ sintering. The print was
repeated 3 times, resulting in 12 passes overall. The completed strain gauge (Figure
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Figure 4.15: Lines printed using a single shift, i.e. method A (top) and multiple shifts,
i.e. method B (bottom) onto hydrophobised, plain cellulose samples (i.e. without
addition of Laponite fillers) Scale bars 100 µm
4.16a) was attached to a steel rule with super glue and loaded with various weights,
as illustrated in Figure 4.16b. The output of the strain gauge was connected to a bal-
anced Wheatstone bridge and measured using a multimeter. Figure 4.16a shows the
results of loading and unloading the printed strain gauge. Repeatable measurements
are provided when the steel rule is loaded with masses ranging from 20 g to 400 g.
4.4 Conclusions
Implementation of the Ohno continuous casting method resulted in improvements
in the production of metallic filaments used for 3D printing, compared to previ-
ous crude production methods. Although printability was improved, printed metallic
components were unsuitable for use as electrodes due to the electrochemical processes
involved, even though attempts were made to improve compatibility using gold coat-
ings. Use of bare metals (with the exception of noble metals) are typically avoided
in such applications, but recent literature however has demonstrated successful use
of metals as anodic material in microbial fuel cells [11]. Other developments include
using graphene as a passivation layer thus preventing corrosion and microbial de-
terioration [88]. Therefore it would be possible to use the improvements regarding
metal filament manufacture and 3D printing developed here with some adjustments,
to produce 3D electrodes.
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(a) Printed strain gauge (left) and strain gauge output (right). Scale bar 2 mm
(b) Strain gauge loading setup
Figure 4.16: Image of printed strain gauge, amplified strain gauge output and diagram
of test apparatus
After evaluation of various substrates, a novel combination of hydrophobised re-
generated cellulose as substrate material with ink jet printed silver allowed for pro-
duction of biodegradable, flexible electronic circuitry in the form of a strain gauge.
Recent similar work uses a different form of cellulose, coated with epoxy resin as
substrate material for development of biodegradable flexible electronics via PDMS
transfer of pre-manufactured electronics [89].
Some success towards printing of electrochemical devices and electronics were
achieved using metals. The next chapter explores the use of an alternate conductor






The previous chapter explored two different ways of printing metals. The materi-
als and methods used allowed for some simple electrical circuitry and sensing to be
produced, as well as some metallic structures. In terms of electrochemistry, suitable
applications of interest could not be found. In this chapter the use of an alternative
conductive material, carbon, is examined.
Carbon is ubiquitous in electrochemistry and in electroanalysis [90], available in
various forms such as cloth, rods, fibres and the like. Nanocarbons such as carbon
nanotubes [91], nanofibers [92], nanoparticles [93], or graphenes [94] have been de-
veloped into composite electrode materials. Inert, yet electrically conductive, carbon
nano-composites can provide a cheap alternative to noble metals. Regardless, these
forms of carbon cannot be simply loaded into a 3D printer to produce electrodes.
However, compacted carbon nanofibers in polystyrene for applications in electroanal-
ysis have been reported previously [95]. A similar approach can be used to prepare
conductive material suitable for FDM.
5.1 Electroanalysis and Voltammetry
Some terms relating to electrochemistry and electroanalytical methods used in this
chapter are briefly described below:
• Potentiostat - This piece of hardware is used to control a multi-electrode cell
and run electroanalytical experiments. Controlled potential experiments seen
in voltammetry require precise current measurement without disturbing the
controlled parameter. A potentiostat is a control and measurement device, ef-
fectively consisting of a signal generator, voltage followers capable of isolating
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high impedance sources from low impedance sinks, and current measuring am-
plifiers. Potential across a cell is controlled by sensing changes in its resistance,
using a third reference electrode to measure and control the potential between
the working and counter electrodes. Typical computer controlled potentiostats
compensate for the variation in resistances resulting from the solution between
working and counter electrodes, thus giving similar results for a given analyte.
Various parameters can also be controlled such as electric potential range, scan
rates, current resolution (e.g. micro or nano amps) and number of channels (for
cases when using more than one working electrode, e.g. a bi-potentiostat) [96].
• Voltammetry - This refers to a category of electroanalytical methods whereby
information about an analyte is obtained by varying an applied potential and
measuring the resulting current.
• Cyclic voltammetry (CV) - In CV experiments, the applied potential at the
working electrode is linearly ramped up and down. This is a variation on linear
sweep voltammetry, where once the set potential is reached the experiment is
completed. CV is used for reversible reactions, allowing information about the
forward and reverse reactions to be obtained.
• Differential pulse voltammetry (DPV) - This uses a series of regular voltage
pulses superimposed on a linear sweep. Current is measured shortly before and
at the end of the pulse, allowing for the decay of nonfaradaic currents. The
difference between these measurements for each pulse is then plotted against
the base linear potential. Methods of modulating the potential such as DPV
leads to increased speed and sensitivity.
• Anodic stripping voltammetry - This method is normally used for trace metal
detection, down to the per-trillion range dependant on experiment duration
and applied (negative) potential. Metal ions in the analyte concentrate onto
the electrode, and upon applying the opposite (positive potential), the metals
are stripped, or oxidised away, generating peak currents proportional to the
concentration of each metal in the analyte. Additionally, the position of each
peak potential is specific to each element [97].
• Electrodes - Typically, three different electrodes are present in an analytical
cell. The reference electrode has a stable, well known potential and used as a
point of reference in a cell for control and measurement of applied potential.
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Current flow through this electrode is ideally zero, and kept as close to this as
possible by using a high impedance, and closing the circuit with the counter
electrode. The counter electrode is typically made of an inert material (e.g.
platinum, gold, graphite or glassy carbon), and does not participate in the
electrochemical reaction. As current flows between the working and counter
electrode, its surface area must be higher than that of the working electrode so
as to not limit the kinetics of the electrochemical process under investigation.
The working electrode is the site where the reactions of interest occur. Common
electrode materials are the same as those used for counter electrodes [98].
5.2 Development and Printing of Conductive Poly-
mer Formulations
Various polymer-carbon mixtures formulated through solvent blending were produced
and evaluated for use as conductor material with the aim of printing electrodes suit-
able for analytical chemistry. A commercially available conductive graphene-PLA
filament was also evaluated. Materials and equipment employed were as follows:
5.2.1 Materials and Chemical Reagents
Toluene, chloroform, polystyrene (PS) pellets (441147, Aldrich), acrylonitrile butadi-
ene styrene (ABS) pellets (Sabic MG94 resin, OS3DP.com), graphene-PLA filament
(Graphene 3D Lab, 3dfilaprint.com), polylactic acid (PLA) filament (4043D, Ultima-
chine.com), high impact polystyrene (HIPS) filament (3dfilaprint.com), polycaprolac-
tone (PCL) filament (MP05188, Makerbot), polypropylene (PP) filament (NuNus 3D
printer filaments), conductive silver paint (186-3593, RS), Pyrograf III carbon nanofi-
bres (PR-24-XT-HHT, Pyrograf Inc), graphite flakes (282863, Aldrich), paraffin wax
(411671, Aldrich), HNO3 (nitric acid), Pb(NO3)2 (lead nitrate), KNO3 (potassium
nitrate) and 1,1-ferrocenedimethanol (all Aldrich).
5.2.2 Instrumentation
Electrochemical measurements were performed with a PGSTAT12 potentiostat (Au-
tolab, NL). The counter and reference electrodes were a platinum wire and a KCl-
saturated calomel (SCE) electrode (Radiometer, Ref401). Admittance measurements
were performed on composite filaments with a Solartron 1296 impedance analyser
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Figure 5.1: Designed (left) and printed (right) multi-material part
(UK). Scanning electron microscopy (SEM) images were obtained with a JEOL
SEM6480LV. All experiments were performed at a temperature of 20±2 ◦C.
5.2.3 Procedure
An amount of 5 g total (polymer and additives in the correct ratios) is weighed out.
The polymer is first dissolved in 75 mL of an appropriate solvent (e.g. acetone for
ABS and chloroform for PS) and stirred with a magnetic stirrer until fully dissolved.
The additives are mixed in a separate container with 75 mL of the same solvent, and
sonicated for 20 minutes. Containers were sealed to prevent solvent evaporation. The
two mixtures are then combined in a single open container and placed on a heated
magnetic stirrer at 50◦C in a fume cupboard until all the solvent has evaporated. After
the complete evaporation of the solvent, the solid thermoplastic composite is placed
in a heated (220◦C) aluminium barrel with a 2 mm orifice and extruded into lengths
of composite conductive filament to be used for 3D-printing. Samples of filament were
pressed into uniform discs and painted on both sides with silver conductive paint for
use with the impedance analyser.
5.2.4 Electrode Design and Manufacture
The electrode was designed as a multi-material part using a CAD package (Solid
Edge ST6). Electrode tip dimensions are 4.5 x 7.5 mm with a 0.81 x 0.81 mm active
area in the centre. The CAD file is subsequently processed with open source software
Slic3r to convert to printing commands. A 350 µm layer height was used resulting in
9 layers for printing of the complete electrode. Furthermore, slicing was carried out
with 100% infill to avoid generating hollow regions in the insulation, where droplets
of analyte could reside when in use. The electrodes were then printed using a RepRap
Prusa-Mendel equipped with two 0.5 mm extruders (Figure 5.4).
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Figure 5.2: Admittance versus frequency plot of PS and ABS with gradually increas-
ing CNF concentrations
Figure 5.3: Admittance versus frequency plots for different composites showing rela-
tively low resistance for 80/10/10 wt% PS/CNF/graphite flakes
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5.2.5 Results and Discussion
5.2.5.1 Filament Formulations and Optimisation
A variety of polymer blends were produced and evaluated. It was found that when
using low amounts (1-5 wt%) of carbon nanofibres (CNF) the material would behave
as a dielectric rather than a conductor. The frequency dependency of the impedance
is characteristic of such materials, where at low frequencies the impedance is made
up of a purely resistive nature whereas at higher frequencies the impedance depends
on the capacitance of the material. Once the percolation threshold is exceeded the
material goes from being dielectric to conductive, and impedance is then independent
of frequency. This can be seen in Figure 5.2, where increasing amounts of CNF are
added to ABS and PS, leading to conductivity. Past this point further addition
enhances conductivity, at a trade-off with mechanical properties.
A minimum of 10 wt% was used in all blends to ensure the percolation threshold
was achieved, slightly more than previously reported percolation thresholds achieved
in similar composites [99]. Attempts at additional CNF loading led to loss of plasticity
and difficulty in using the filaments for 3D-printing. Instead, graphite micro-flakes of
2-12 µm diameter were added to further increase the conductivity of the composites,
allowing the total carbon content to increase to 20 wt%, whilst remaining printable.
Initial blends focused on producing carbon composites based on ABS or PCL, two
widely used 3D-printing filaments. However, as can be seen from admittance readings
in Figure 5.3, PS/CNF composites gave superior performance at similar CNF loading
ratios. This was further improved by adding 10 wt% graphite. Additionally, ABS or
PCL/CNF composites gave poor voltammetric response probably due to interfacial
wetting effects.
Multiple core/shell combinations were produced to investigate the effects of the
active and inactive material. As ABS is hygroscopic, 2 wt% paraffin wax was added to
the mixture to prevent water/analyte absorption during application. The resulting
composite filament exhibited good electrical properties. Switching to PS, a non-
hygroscopic polymer, meant that the wax component could be omitted. The PS
composites gave the best conductivity results throughout, and were found to give
greater conductivity than the commercially available graphene-PLA filaments. How-
ever, PS composites were substantially less flexible mechanically. Figure 5.5A shows
a typical SEM image for a 80/10/10 wt% composite of PS/CNF/graphite flakes. The
CNF component is visible with higher magnification (Figures 5.5B, C) as 50-500 nm
diameter fibrous material. Carbon flakes of 2-12 µm appear as white particles.
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Figure 5.4: RepRap Prusa Mendel with additional extruder for multi-material
printing of electrodes. HIPS insulator filament is fed using a Bowden drive,
PS/CNF/graphite composite filament is fed using direct drive (drive motor removed
for clarity)
Once developed and tested on the custom rig described in chapter 3, insulating
HIPS filament alongside the PS/CNF/graphite composite filament were loaded into
a consumer grade desktop printer (RepRap Prusa Mendel) and was found to be
compatible with some slight modification to the printer. The secondary nozzle into
which the composite filament was loaded requires a ‘direct drive’ extruder. This is
where the filament feed motor is positioned directly above the nozzle, as opposed
to elsewhere on the printer and fed through a tube (Bowden drive). The composite
filament is not flexible enough to be used with a Bowden system. The printing setup
used is illustrated in Figure 5.4.
5.2.5.2 Oxidation of 1,1-Ferrocenedimethanol at 3D-Printed Electrodes
In order to evaluate the electrochemical performance of polymer nanocomposites,
cyclic voltammetry experiments were carried out using the printed electrodes with
mechanically polished surface and with different core/shell combinations. Figure 5.5D
shows an SEM image for the polished surface with the transition from the conducting
PS/CNF/graphite composite to the electrically insulating polystyrene clearly visible.
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Figure 5.5: (A) Scanning electron micrographs (SEMs) of composite filament pro-
duced from 80/10/10 wt% PS/CNF/graphite flakes. (B,C) Higher magnification
images show the presence of typically 50 - 500 nm diameter CNFs and some graphite
flakes of 212 µm diameter. (D) SEM of polished PS/CNF/Graphite composite elec-
trode tip
Figure 5.6: (A) Cyclic voltammograms (scan rate 100 mVs−1) for the oxida-
tion of 0.2 mM 1,1’-ferrocenedimethanol in 0.1 M KNO3 at (i) 80/10/10 wt%
PS/CNF/graphite and (ii) 78/10/10/2 wt% ABS/CNF/graphite/wax cores with PS
shells. (B) Cyclic voltammograms (scan rate 100 mVs−1) for the oxidation of 0.2 mM
1,1’-ferrocenedimethanol in 0.1 M KNO3 at (i) 80/10/10 wt% PS/CNF/graphite and
(ii) 78/10/10/2 wt% PS/CNF/graphite/wax cores with PS shells.
77
Silver paint was applied to the electrode ends to give good electrical contacts before
connecting as the working electrode in a conventional 3-electrode setup controlled by
a potentiostat. Initially, PLA was explored for use as shell material, one commonly
used for filament based 3D-printing, but the more hydrophilic nature of this material
caused ingress of liquid into cavities. Polypropylene (PP) was thus evaluated as a
non-hygroscopic shell material. However, printing with PP gave significant warping
and inter-layer adhesion issues. Therefore, keeping shell and core-conductor materials
the same is beneficial. Use of raw PS as shell material could not be achieved, due
to its brittle nature. High Impact Polystyrene (HIPS) was thus used instead. For
voltammetric testing in aqueous media, oxidation of 0.2 mM 1,1 ferrocenedimethanol
in aqueous 0.1 M potassium nitrate (KNO3) solution was used as a well-defined one-
electron redox reaction (Equation 5.1).
(5.1)
Data in Figure 5.6A shows the typical reversible cyclic voltammetry characteris-
tics for the oxidation of 1,1-ferrocenedimethanol with a midpoint potential of Emid =
1
2
(EOX + ERED) = 0.24V vs SCE in good agreement with literature reports [100].
When comparing ABS/carbon and PS/carbon composites, both types of materials
appear to be performing well. However, for ABS it was necessary to add a further
2 wt% paraffin wax component to suppress capacitive currents due to electrolyte
ingress into the composite. Data in Figure 5.6B show that the voltammetric char-
acteristics for PS/CNF/graphite are improved (less capacitive background current)
when avoiding the paraffin wax additive. Results from further experiments with var-
ious polymer/carbon/wax ratios are shown in the Appendix. (Figures A.5 to A.6).
To summarise:
• PCL/CNF at 90/10 wt% as core with PP and PLA shells gave no peak response
for CV and weak response for DPV,
• PS/CNF at 90/10 wt% as core with PLA shell failed to provide well defined
peaks for CV and gave comparatively weak DPV response. Using PP as shell
material gave minimal CV response with a very noisy signal (not shown),
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• PS/CNF/wax at 88/10/2 wt% as core with PLA shell provided some peaks for
CV, but with significant capacitive effects. Using PP as shell material gave a
slight improvement for CV, and a significant improvement for DPV response,
• Commercial graphene/PLA filament as core with PP shell gave strong CV re-
sponse, but with extra peaks in the signal, possibly due to unknown additives.
DPV response was similarly strong, but with random noise below approx 0.2 V
forward scan,
• ABS/CNF/graphite/wax at 78/10/10/2 wt% with PP and PLA shell gave sim-
ilar, strong CV response. For DPV, use of PP shell gave the strongest I peak in
preliminary tests of core/shell combinations,
• In general, use of non-hygroscopic PP shell material gave marginally improved
CV scans in comparison with PLA shell, and stronger I peak values for DPV.
Increasing wax content from 2 to 5% proved to negatively affect results through-
out.
Additionally, production of polyurethane (PU) composites was attempted due to
excellent water repellency properties of PU. However, the mechanical properties of
the PU grades tested (Elastollan 1185A and C85A) meant they were unsuitable for
3D printing. Extrusion attempts resulted in buckling of the filaments as they were
too soft. This could possibly be remedied with different grades of PU.
Next, the effect of the scan rate on the voltammetric oxidation peak response for
the oxidation of 0.2 mM 1,1-ferrocenedimethanol was investigated (see Figure 5.7).
Figure 5.7B shows the well-defined linear characteristics of the plot for peak current
versus square root of scan rate, consistent with planar diffusion to a highly active
electrode surface. The corresponding equation for the analysis of this diffusion limited








In this equation the peak current, Ip, is given by the Faraday constant, F , the geo-
metric electrode area, A, the bulk concentration of 1,1-ferrocenedimethanol, cbulk, the
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Figure 5.7: (A) Cyclic voltammograms (scan rate (i) 20, (ii) 50, (iii) 100, (iv) 200
mVs−1) for the oxidation of 0.2 mM 1,1-ferrocenedimethanol at a PS/CNF/graphite
electrode. (B) Plot of the peak current for oxidation versus the square root of scan
rate. (C) Differential pulse voltammetry (DPV), modulation 25 mV, step potential
5 mV, modulation time 0.1 s) for the oxidation of (i) 1.6, (ii) 8, (iii) 40, (iv) 200
µM 1,1-ferrocenedimethanol in 0.1 M KNO3 at a polystyrene/CNF/graphite com-
posite electrode. (D) Plot of the DPV peak current versus 1,1-ferrocenedimethanol
concentration and (E) double logarithmic plot.
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Figure 5.8: (A) Linear scan differential pulse voltammograms (modulation 50 mV,
step potential 5 mV, modulation time 0.1 s, 60 s deposition at -1.0 V vs. SCE)
for the anodic stripping detection of (i) 2.1, (ii) 10, (iii) 51, (iv) 258 µM Pb2+ in
aqueous 0.1 M HNO3 at a PS/CNF/graphite composite electrode. (B) Plot of the
stripping peak current versus concentration and (C) double logarithmic plot. (D)
Scanning electron micrograph (SEM) showing a Pb metal deposit on the surface
of the composite electrode. (E) EDX data for Pb metal deposit on the composite
electrode surface.
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scan rate, v, the diffusion coefficient, D, the gas constant, R, and the absolute temper-
ature, T . With the slope of the plot in Figure 5.7B slope = Ip√
v
= 1.0210−6AV −1/2s1/2
and a literature value for the diffusion coefficient [101], D = 0.6410−9 m2s−1, only the
geometry area of the 3D-printed electrode remains as free parameter and is therefore
evaluated as A = 7.310−7 m2, consistent with a square of 0.86 mm size in approximate
agreement with the print size of the electrode.
The effect of lowering 1,1-ferrocenedimethanol concentration on the voltammetric
response was evaluated with differential pulse voltammetry (DPV). Data in Figure
5.7C shows peaks responses down to micromolar concentrations with apparently linear
peak current versus concentration plot (5.7 D). However, further inspection reveals
(i) a shift in the peak position indicative of a change in mechanism for example
when adsorbed 1,1-ferrocenedimethanol is detected and (ii) excess current in the low
concentration range revealed by the double logarithmic plot in Figure 5.7E again
indicative of adsorption effect. It is likely that for micromolar concentrations of 1,1-
ferrocenedimethanol some adsorption into the nanocomposite matrix occurs.
5.2.5.3 Reduction and Anodic Stripping Detection of Aqueous Pb2+ at
3D-Printed Electrodes
An important application of 3D-printed carbon composite electrodes could be in
trace metal detection in aqueous media [102, 103, 104], to test for contaminants,
for example in natural in water systems [105] or in water wells [106]. Here we use
Pb(NO3)2 (lead nitrate) in aqueous 0.1 M nitric acid as test analytical system. The
reduction of Pb2+ leads to deposition and accumulation of Pb metal at the electrode
surface and after sufficient accumulation a voltammetric stripping peak associated
with the back-oxidation is observed (equation 3).
Pb2+(aq) + 2e− 
 Pb(s) (5.3)
Initially, a high concentration of Pb2+ is employed in order to explore the nu-
cleation and deposition processes in aqueous 0.1 M nitric acid. With a deposition
voltage of -1.0 V vs. SCE and deposition time of 60 s, well-defined Pb stripping
responses were observed. After measuring, the electrode is either re-used for multiple
measurements or polished (on fine carborundum paper) to expose a fresh electrode
surface. Both methods produce reliable data.
Figure 5.8 shows typical anodic stripping voltammetry data with a characteris-
tic Pb peak at approximately -0.5 V vs. SCE [107]. The peak current can be used
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as a measure of concentration and a plot of peak current versus concentration ap-
pears linear (Figure 5.8B,C) down to ca. 1 µM Pb2+. Increasing the deposition time
can be shown to further enhance the stripping peak response for lower concentra-
tions. Therefore, the performance of the PS/CNF/graphite flake composite electrode
is good and comparable to results achieved with other types of carbon materials.
Applications in trace analysis are possible, in particular with further optimisation of
the nanocomposite formulation to aid selectivity and pre-accumulation effects [108].
5.2.6 Further Electrode Design
When using voltammetry to analyse solutions, a single electrode is normally used to
reduce or oxidise species present in the analyte. Such processes are time dependent,
limited by mass transport and diffusion. Solutions with higher viscosities tend to have
slower diffusion rates. In such cases, use of two planar working electrodes connected
to a bi-potentiostat can be used to amplify signals by placing them sufficiently close
together such that diffusion limitations are mitigated. Figure 5.9 illustrates a typical
setup using ferrocene as analyte.
Figure 5.9: (A) Schematic diagram of a bi-potentiostat setup equipped with two work-
ing electrodes, (B) Illustration of oxidation-reduction cycle of Ferrocene (Fc)/Fc+ oc-
curring between a generator-collector electrode pair, (C) Data gathered from typical
experiment using FC showing oxidation and simultaneous reduction at two opposing
plate electrodes
5.2.6.1 Printed Generator-Collector Electrodes
As printing of analytical electrodes using conductive PS was successful, further design
and experimentation was carried out to evaluate whether the the same method could
be employed to produce a generator-collector electrode pair. Figure 5.10A illustrates
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Figure 5.10: (A) Designed electrode with insulating shell partially obscured to show
conductive core, and printed electrodes. (B) shows top surface and (C) shows bottom.
Scale bars 5mm
Figure 5.11: Optical images of printed electrode surface as removed from print bed.
Scale bars (A) 2mm and (B) 0.5mm
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Figure 5.12: Illustration of assembled generator-collector electrode pair. Application
of kapton film reduces exposed active area and thus signal to noise ratio, and also
defines the distance between the electrodes. Scale bar 5mm
Figure 5.13: Bi-potentiostat data for (i) oxidation (black) and (ii) reduction (blue)
of 100 µM 1,1-ferrocenedimethanol in 0.1 M KNO3 at printed PS/CNF/graphite
electrodes with second electrode offset set to 0.5 V, 4.5 mm2 exposed areas with 69
µm kapton film as spacer. Scanrates (A) 5 mVs−1, (B) 20 mVs−1, (C) 50 mVs−1
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the redesigned electrode model with exposed conductor core and partial cut-away of
insulator shell (shown in green); Figures 5.10B and C show a pair of printed electrodes.
This design attempts to exploit the smooth, flat surface generated when printing onto
the glass build plate, with the aim of allowing for insertion of a spacer between the
two flat surfaces, thus generating a gap between the electrodes. However under closer
inspection, it is found that small crevices are present in the conductor, mainly due to
inconsistencies in nozzle priming and material deposition, but also due to the nature
of the printing method itself - polymer is laid down in discrete strands and partially
fused together. Figures 5.11 A and B illustrates this effect more clearly. The electrode
surfaces are thus wet polished using fine grit wet/dry paper on an orbital sander.
Next, the electrodes are clamped together with 69 µm polyimide (PI) tape (3M
5413) as a spacer, which is also used to partially cover the large electrode surface.
Whilst using a larger area will give lower resistances and thus stronger signals, this
has the unwanted side effect of increased background signal noise (i.e. signal to noise
ratio). The application of the PI tape in this case is thus two fold; the exposed
area is restricted, and the thickness of the tape dictates the electrode spacing. The
electrodes are assembled as shown in Figure 5.12, leaving a 4.5 mm2 exposed active
area. The same test system of 100 µM 1,1-ferrocenedimethanol in 0.1 M KNO3 as
described previously is used for evaluation with varying scanrates and a 0.5 V offset
for the second electrode. Resulting data is shown in Figure 5.13.
The limiting current of the secondary electrode, Ilim, where ferrocenedimethanol






Where n - electrons transferred per molecule diffusing to electrode surface (1),
F Faradays constant (0.64 x 10−9), A - exposed electrode area (1.5 x 3mm = 4.5
mm2), δ - electrode gap and c - analyte concentration (0.1 M/m3). Taking an av-
erage Ilim from Figure 5.13 of 153 na and rearranging for δ gives a spacing of 123.5
µm, almost twice that of the thickness of the PI film used. Some refinements are
therefore required for a more accurate result. The data does however show expected
behaviours of a generator-collector setup, with the limiting current remaining steady
with different scan-rates, and hysteresis scaling with scan-rate (Figure 5.13 A-C) . In
a truly matched pair, the reduction and oxidation curves are symmetrical, both in
shape and amplitude (as per Figure 5.9C). The slight capacitive effects visible in the
oxidation curves may be due to how the PI tape is placed between the electrodes.
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Only one side is adhesive, which in this case was attached to the second electrode
whilst the non-adhesive side simply pressed against the first. Improving the sealing
and thus eliminating analyte ingress between spacer and electrode would thus result
in a cleaner signal. Also, electrode surface is ideally smooth and flat, and cracks or
gaps in the surface, such as those seen in Figure 5.11 give rise to diffusion dependent
phenomena. Further refinements to this design could include printing of a matched
pair with a defined gap already in place or using nozzle priming and wiping techniques
to minimise the imperfections seen in Figure 5.11. Vapor smoothing of printed parts
using an appropriate solvent, similar to processes seen with ABS printing [109], may
also help to improve surface finish.
5.3 Conclusions
A range of polymers have been tested for application in 3D-printing of electrochem-
ical devices, with polystyrene (PS) being identified as the most versatile and best
performing matrix material for applications in aqueous media. With 80 wt% PS, 10
wt% carbon nanofibers, 10 wt% graphite flakes, a balance of good electrical conduc-
tivity and excellent electrode surface properties with good mechanical and printing
characteristics is achieved. A combination of pure PS and PS nanocomposite can
be employed for complete device prototyping ensuring good interfacing between con-
ductor and insulating shell components. Sufficient dispersion was achieved using
solvent blending, and without the use of further additives such as surfactants, an
approach often used to aid dispersion of nano carbons [110]. Further improvements
are possible via more homogeneous additive dispersion using mechanical blending
methods [111]. This system can be used to produce different electrodes tailored to-
wards specific analytical applications, with a secondary printed design demonstrated
as a generator-collector pair. Imperfections in printed features however resulted in
some discrepancies between expected and measured data, but these can be addressed
with refinements to the printing process. Additionally, there remains potential for
inclusion of catalysts or additives for increased selectivity or other functionalities.
The described system is sufficient for applications where the signals and electrical
currents involved are low and thus unaffected by the relatively high electrical resis-
tance of the PS/carbon composite. Other applications could include EMF shielding
or dissipation or resistive heating. Dealing with electrochemical devices with higher
currents however, such as fuel cells, would be problematic. A design overhaul is thus
required for such applications. The following chapter explores further use of carbon
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as a conductive additive but with a different, post-processable matrix material; a
natural polymer known as cellulose.
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Chapter 6
Printing Cellulose for Microbial
Fuel Cell Electrodes
The previous chapter describes the development of a printable conductive polymer,
subsequently demonstrated to be suitable as a stable, reusable conductive electrode
material when employed for electroanalysis in aqueous media. In such applications,
the electrical currents involved are low, ranging from several hundred nano to several
hundred micro-amperes. The emphasis is on signal transmission rather than power
transmission, thus the typical resistances of the printed components ranging from
around 2 to 5 kΩ are suitable. This can be increased further by adding more car-
bon additives, but at the cost of reducing the plasticity and thus printability of the
composite. As simply increasing the carbon content is not a viable option, another
approach would be to change the matrix material of the composite. In this chapter,
use of cellulose based gels are explored for printing of porous, conductive, carbon
electrode material, and tested for suitability as possible anode material for microbial
fuel cells.
6.1 Cellulose Nanofibril Hydrogels
Shear thinning cellulose based gels can be formed in water by adding small amounts
of salts or surfactants to dispersions of partially oxidised cellulose nanofibres [112]. As
mentioned in Chapter 2, post processing of printed materials is often carried out to
finalise the production process and attain desired material properties such as electrical
conductivity. Similarly, carbon nanofibres can be formed by pyrolysis of freeze-dried
cellulose nanofibers [113]. However as shown in Section 3.4.1.1, hydrogels experience
significant shrinkage upon drying. Freeze drying is a technique typically used in
the preservation of food or perishable materials, whereby the object is frozen, and
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the surrounding air pressure reduced to the point that the frozen water sublimates
directly from solid to gas. This also allows the object to be dried whilst retaining
its original shape as, i.e. without shrinking. Furthermore, freeze drying has been
shown to induce porosity when applied to hydrogel structures [114]. Combining these
procedures presents a method for producing porous, conductive material with lowered
carbon additive loadings by using cellulose nanofibres as both gel rheology modifier
and carbon precursor.
6.1.1 Materials and Procedure
Oxidised cellulose (oxcell) provided by Bath University Chemistry Department, pre-
pared using previously described methods [112], was used to modify carbomer hydro-
gel. 1wt % carbomer, 1wt %CNF, 1wt % oxcell gel was prepared by adding CNF
(PR-24-XT-HHT, Pyrograf Inc) and carbomer polymer (Carbopol Ultrez 21) to the
provided 1 wt% oxcell dispersion and mixing via magnetic stirrer until well dispersed.
Oxcell-CNF gels were subsequently loaded into a syringe for 3D printing. A 20
x 20 x 4 mm cuboid is generated using a CAD package and subsequently processed
with open source software Slic3r to convert to printing commands. Slicing is carried
out with the solid layer, perimeter and brim settings disabled. Skirt is enabled for the
first layer to prime the nozzle for printing. The honeycomb infill pattern is used and
set at 70, 80 and 90% representing low, medium and high density prints respectively,
effectively allowing for design of macro-scale porosity (Figure 6.1). 18 gauge blunt-
tip Luer Lock needles were employed for printing; nozzle diameter is thus set as 0.84
mm. A 0.25 mm layer height is used for all prints. Printing was performed using an
auger-driven gel extruder.
Printed objects were then freeze dried for 12 hr overnight, and finally pyrolized in
a tube furnace by heating to 800◦C at a rate of 5◦C per min and held for 2 hr under
1 L/min flowing Argon.
6.1.2 Results and Discussion
Figure 6.2 show the resulting freeze dried meshes, before pyrolysis. Overall structure
was retained with no shrinkage, leaving a porous structure with pore sizes in the
range of 30 to 150 µm. Parts are very light and soft, with a spongy feel. Parts loaded
with CNF although completely different in colour were still non conductive. It was
found that carbomer neutralisation via addition of NaOH was unnecessary, due to
the pH of the provided oxcell and also due to the rheological properties of the oxcell
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Figure 6.1: Images of CAD model used for printing. (A) Cuboid before processing,
(B) Single layer print preview at 70 % honeycomb infill, (C) Multi layer print preview
at 70 % honeycomb infill, (D) Multi-layer print preview at 90 % honeycomb infill
dispersion itself. Carbomer content could likely be omitted altogether with higher
oxcell loadings.
Figures 6.3 A and B show how porosity of the freeze dried oxcell-CNF printed gel
structures is maintained post pyrolysis, as well as overall shape with designed macro
porosities, i.e. without shrinkage. The pyrolysed structures are however extremely
brittle and weak, disintegrating easily when handled and thus preventing any further
electrical or mechanical tests from being carried out upon them. It is unlikely that
increasing the amount of CNF, polymer (carbomer) or cellulosic precursors would offer
any significant improvements in these areas as the morphology of the oxcell nanofibrils
(3-7 nm diameter) leads to generation of dense networks of lightly connected fibres,
connected mainly by weak van der Waals’ interactions. Additionally, most of the
polymer and cellulose content is destroyed or removed due to the high temperatures
involved during pyrolysis. However, the observed retention of printed shape and
porous structures produced via freeze drying of the gels is desirable and thus methods
of improving robustness merit further investigation.
6.2 Regenerated Cellulose
Section 4.3.1 demonstrated use of regenerated cellulose as a flexible printing substrate
when formed into thin films. Prior to regeneration, the cellulose solution is in a fluid
state, and can therefore be loaded into a syringe for extrusion. Upon dissolution, the
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Figure 6.2: Printed meshes after freeze drying for 12h, before pyrolysis. Black parts
contain CNF additives. Scale bars (A) omitted, (B) 2 mm, (C) 0.5 mm, (D) 2 mm,
(E) 1 mm, (F) 0.2 mm
individual molecular chains of the cellulose become spread throughout the solvent,
leading to connectivity at many different points throughout the structure upon re-
generation. This presents a more robust alternative to the oxcell gels evaluated as
carbon precursor material in the previous section. However, mechanical properties of
the cellulose solution are very different to that of the oxcell gels with a thick, flow-
ing consistency similar to that of honey or molasses instead of a shear thinning, self
supporting gel. This presents some technical challenges for printing.
Figure 6.3: Optical micrograph of pyrolysed, 3D printed carbomer/oxcell/CNF gels.
Scale bars (A) 2 mm, (B) 0.5 mm
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Table 6.1: Cellulose+CNF solution formulation
Loading (wt%) Mass (g) vol%
DMSO 48.3 24.151 70
EmimAc 45.1 22.549 30
α-cellulose 6 3
Pyrograf CNF 0.6 0.3
Total weight 50
6.2.1 Materials and Procedure
Table 6.1 describes the formulation for a 10:1 ratio of α-cellulose/CNF. Cellulose
solutions with added CNF were provided by Bath University Chemical Engineering
Dept, prepared as follows:
α-cellulose powder (Sigma) is added to Dimethyl sulfoxide (DMSO) and sonicated
for 1 hr. CNF are added to 1-ethyl-3-methylimidazolium acetate (EmimAc) ionic
liquid and also sonicated for 1 hr, suspending the cellulose in DMSO and CNF in
EmimAc separately. The two suspensions are subsequently mixed together at 65◦C
via high shear mixer. The inclusion of DMSO is two fold; it enhances the solvent
power of the EmimAc ionic liquid thus reducing the amount required, as well as
lowering the viscosity of the final solution [115, 116]. Printing and subsequent freeze
drying and pyrolysis was carried out using the same methods described in Section
6.1.1
6.2.2 Results and Discussion
Regeneration of dissolved cellulose/CNF suspension is carried out via a phase inver-
sion process, which occurs when the solution is brought into contact with a coagulation
bath containing a non-solvent such as methanol or water. The exchange of solvent
with non-solvent leads to precipitation of the cellulose molecules and subsequent ref-
ormation of the intra- and inter-molecular hydrogen bonds [117]. Initial approaches
for printing of self-supporting structures involved printing onto a dry plastic or glass
surface and subsequently immersing the part in deionised water for coagulation. Ear-
lier printed layers however would creep, deforming the structure before printing could
be completed. This would only allow for generation of small area objects with few
layers before the printed features would be lost altogether as the solution relaxes back
into a homogeneous pool.
Next, printing directly into a deionised water bath to ‘set’ the printed object before
subsequently removing and immersing the part in water to complete the coagulation
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process was attempted. However this led to immediate regeneration of the outer
surface of the solution, preventing further material from fusing properly with previous
layers and instead creating a continuous strand of regenerated cellulose. Initial layers
would also fail to adhere to the print surface for the same reason. A further refinement
to this method was to allow the first layer to complete printing into a shallow container
before adding water such that the level of water in the container allowed for un-
coagulated material to protrude above the water surface, thus allowing the next layer
to fuse properly. This however was difficult to control, as the amount of material
deposited in each printed layer is non-constant. Again, larger area prints would
face the same issues as with the first attempt whereby earlier printed regions would
being to relax. Features in lower layers suffer from loss of resolution, whilst those
in upper layers fail to fuse properly (Figure 6.4). Some success has been achieved
by printing of dissolved cellulose onto agar gels [59], whereby non-solvent diffuses
upwards through printed layers at a low enough rate, thus allowing for subsequent
layers to adhere before coagulating. However, this approach is limited in its ability to
successfully coagulate material deposited once part height exceeds 8mm, and overall
part resolution is poor.
Figure 6.4: Attempt at printing and in-situ regeneration of cellulose
6.2.2.1 Sub-zero 3D Printing of Cellulose+CNF with in-situ Regenera-
tion
The shear thinning properties of the oxcell gel allow for it to be extruded, producing
self supporting structures after removal of extrusion forces. FDM however typically
relies on the rapid cooling of incoming molten material, allowing it to harden and
form structures. As the cellulose solution contains DMSO, which freezes at room
temperatures (18.5◦C freezing point), an alternative approach to printing it would
be to cool the print surface, hardening the gel and thus allowing for FDM. Note
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that as the material involved here is mainly a solution of cellulose in ionic liquid
(with added DMSO), the overall solution itself does not technically melt nor freeze
with temperature, instead it decreases or increases in viscosity accordingly. These
properties can however be used to print structures using the material.
Dry ice (sublimation temperature -78.5◦C) is easy to transport and handle using
gloves, and provides a simple way to generate a local chilled environment within
which to print, as the lower density of the chilled air helps to retain it in a container
such as a bowl or Petri dish. A roughened steel plate was placed in a Petri dish and
surrounded by dry ice pellets for use as printing surface. This however required the
print nozzle to be heated to 20◦C to prevent the cellulose solution from solidifying in
the nozzle due to close proximity to the cold build surface, and to be warm enough
to flow freely and allow fresh material to fuse with previously deposited layers. This
process is illustrated in Figure 6.5.
Figure 6.5: Sub-zero 3D printing of CNF suspension/cellulose solution. (A) Heated
nozzle can be seen depositing layer 1 of print (B) completed print (C) showing example
of part printed with poorly tuned parameters (over-extrusion)
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Figure 6.6: Completed prints immersed in deionised water to fully extract ionic liquid
and complete the regeneration process. Ionic liquids used to dissolve cellulose can be
seen leeching out
Upon print completion, the cellulose is regenerated in two steps. Previous at-
tempts involved using deionised water for regeneration, where the cellulose solution
and water are at similar (ambient) temperatures. Here however with the print surface
cooled to almost -80◦C use of water is no longer suitable. Instead, the print is first
‘set’ by applying chilled (-20◦C) methanol with a pipette, forming a thin external
layer and holding the structure in place. The part is then removed from the steel
plate, submerged in deionised water and finally rinsed several times to complete the
regeneration and fully extract remaining solvents. Figure 6.6 illustrates this solvent
exchange process. Additionally, the water can then be evaporated to recover the sol-
vents used. It remains to be investigated which temperature ranges of coagulant can
be used for regeneration whilst avoiding deformation of chilled printed objects.
6.2.2.2 Post-Processing of Regenerated Cellulose
Air dried regenerated cellulose prints suffered from significant warping effects (Figure
6.7). This is to be expected as most of the solvent exchange is performed using
water, which is difficult to extract at an even rate from the surfaces of a complex
3D structure. Freeze-drying was thus employed to extract remaining water prior to
pyrolysis, following the same procedure as described in section 6.1.1. However, whilst
warping was reduced, significant shrinkage still occurred after completed pyrolysis
due to release of water content of the cellulose itself.
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Figure 6.7: Images of (A) freshly printed and (B) air dried regenerated cellulose+CNF
part (scale bar 2 mm)
Figure 6.8 A and D illustrates shrinkage by approx 50 % (based on length) of
pyrolysed parts. After print completion (Figure 6.8 D), the part length and width is
20 mm as defined in the CAD model. After pyrolysis (Figure 6.8A to C), this reduces
to slightly over 10 mm. Examination at low magnification appears to show loss of
the micro-porosity seen in pyrolysed hydrogel samples, instead leaving a collapsed,
skeletal structure. The roughened, somewhat lumpy surface can however still give
rise to increased surface area (Figures 6.8A - C). Mechanically, the printed parts are
brittle but robust enough to be handled delicately by hand with gloves or tweezers,
and allows for resistance to be measured with a multimeter. Printed parts with a
planar area of approximately 144 mm2 give a resistance of approx 25 Ω corner to
corner through the hollow structure. In comparison with a sample of carbon cloth
(E-Tek, inc) typically used in MFC electrodes, a sample with similar planar size gives
a resistance reading of approx 250 Ω, an order of magnitude greater (Figure 6.9).
When adjusting the formulation described in Table 6.1 to a 3/0.3wt% cellulose/CNF
loading, pyrolysed prints gave slightly increased resistivity values (approx 40 Ω) but
were also much more brittle and thus impractical for use. The higher conductivity and
open, porous structure of the pyrolysed prints present desirable properties for MFC
applications. However, an electrical connection is required for a complete electrode.
Titanium wire was threaded through the pyrolysed prints, but due to the brittle
nature of the pyrolysed parts, when tightening the wire most samples broke rendering
them unusable. Nevertheless, one single sample of large printed porosity remained
intact and was evaluated for performance as an MFC anode. Experimental procedures
and results are discussed in Section 6.3.
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Figure 6.8: Optical micrographs (A-C) of regenerated cellulose+CNF part after py-
rolysis. Sub-figure (D) shows part immediately after printing. Scale bars (A) 2 mm,
(B) 1 mm, (C) 0.5 mm
6.2.3 Process Modifications and Cross Linking
Cross linkers such as glyoxal are often used in industry for treatment of textiles
formed from regenerated cellulose to reduce laundry shrinkage and give resistance
to crushing and creasing [118]. This presents a method for strengthening of printed
parts. Parts were produced using the same sub-zero printing method described in
Section 6.2.2.1. In this case however, titanium wire was pushed and threaded into
printed parts whilst still in contact with the chilled plate before adding methanol
or water, i.e. before regeneration. Whilst still at low temperatures, the material
deforms around the wire, allowing for a closer, stronger connection. After subsequent
regeneration and the final rinsing step, prints are drained, pat-dried using blue roll
and weighed. An amount of 6 wt% glyoxal totalling 10 times the measured weight
is prepared. The prints are immersed in the glyoxal for 3 hrs, then removed, pat-
dried and placed in an oven at 90◦C for 1 hr for cross-linking to take effect. Prints
are placed between steel mesh to prevent excessive warping during this initial heat
treatment (i.e. pre-pyrolysis).
Additional modifications with heat treatment stages were investigated with some
samples; the initial cross linking heat treatment was skipped, hypothesising that it
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Figure 6.9: Resistance readings (A) E-Tek carbon cloth and (B) Pyrolysed 3D printed
cellulose+CNF with ≈ 144 mm2 planar area. Inset for scale reference of printed part
may not be required due to the final heat treatment step also involved. These samples
were however freeze dried to prevent formation of the collapsed structures seen in
Figures 6.8 A to C. New samples were pyrolysed following the same procedure as
described in section 6.1.1, but with max and dwell temperatures increased to 900◦C
to further improve conductivity of pyrolysed cellulose, following pre-existing data
[119].
6.2.3.1 Further Results and Discussion
Figures 6.10 to 6.14 show how the physical appearance of the parts changed with the
various heat treatment steps involved. Whilst insertion of Ti wires before pyrolysis
gave good connectivity to the printed electrodes, exposure to the high temperatures
involved embrittled the wires. This may be due to the formation of brittle omega-
phase titanium, which can occur when holding at elevated temperatures [120]. In
this case however, increased robustness from use of glyoxal resulted in multiple parts
being successfully produced, which were subsequently evaluated as MFC anodes. Ex-
perimental procedures and results are discussed in Section 6.4.
• Shrinkage of printed cellulose+CNF parts could not be prevented, nor reduced
via freeze drying. Figures 6.10A and B show shrinkage of heat treated parts
(90◦C) after immersion in glyoxal. This can be considered a rapid, uncontrolled
drying process. Figure 6.13A shows a freeze dried sample, post pyrolysis but
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of similar dimensions to rapidly dried parts. In comparison, the same sample
shows how shrinkage is reduced via freeze drying, but ultimately cannot be
avoided once pyrolysed (Figure 6.13C).
• Skipping the low temperature step of 90◦C normally used for cross linking nul-
lified its effects, even though samples were subsequently ramped up to pyrolysis
temperatures. Figures 6.11 and 6.13 show the same collapsed, skeletal structure
seen in Figure 6.8. Also, resistance measurements of these parts were substan-
tially higher (several kΩ with a multimeter) than those reported in section
6.2.2.2 and were equally brittle. Therefore, immersing in cross linker without
activating it correctly was in fact detrimental to performance.
• Samples pyrolysed at 900◦C (Figures 6.14 and 6.13) had a rougher, lumpier
surface finish in comparison with those pyrolysed at 800◦C (Figures 6.12 and
6.11).
• Samples properly cross linked (i.e. treated for 1h at 90◦C after glyoxal immer-
sion) were substantially more robust, whilst retaining the low resistance levels
seen in untreated samples (section 6.2.2.2, Figure 6.9). Increasing pyrolysis
temperature to 900◦C gave marginal decrease of sample resistance, but they
were noticeably more brittle when handling. Additionally, internal porosity of
samples was retained after pyrolysis. This can be seen in Figures 6.11, 6.13
C and D. Crucially this means that porosity and thus increased surface area
can be induced without the need for freeze drying, which is a time and energy
intensive process.
6.2.4 Summary
Printable carbon composites based on cellulose were developed and printed. Section
6.1 describes the printing and post processing of cellulose nanofibril gels with added
CNF. Use of freeze drying and pyrolysis led to generation of porous, carbon based
structures, but these were extremely brittle and could not be used. Next, Section 6.2
describes various attempts at printing and regeneration of cellulose solutions, leading
to development of a new method by printing at sub-zero temperatures, demonstrated
in Section 6.2.2.1. Several post processing steps, described in Section 6.2.2.2, led to
generation of conductive 3D carbon structures. However, porosity of printed struc-
tures was not present after pyrolysis, even with prior freeze drying. Furthermore,
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Figure 6.10: Printed samples with pre-attached titanium wire after immersion in
glyoxal, (A) before cross-linking heat treatment, (B) after cross-linking heat treatment
(scale bars 10 mm)
Figure 6.11: Freeze dried cellulose+CNF parts post pyrolysis (800◦C). These samples
were immersed in glyoxal cross linker but not heat treated. Scale bars (A) 1 mm, (B)
0.5 mm
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Figure 6.12: CNF parts post pyrolysis (800◦C). These samples were treated with
glyoxal cross linker and heat treated, but were not freeze dried prior to pyrolysis at
800◦C. Scale bars (A) 1 mm, (B) 0.2 mm, (C) 1 mm, (D) 0.1 mm
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Figure 6.13: Freeze dried cellulose+CNF parts prior to (A) and post pyrolysis (B,C.
Pyrolysis temperature 900◦C). These samples were treated with glyoxal cross linker
but not heat treated. Scale bars (A,B) 2 mm, (C) 0.2 mm
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Figure 6.14: CNF parts post pyrolysis (900◦C). These samples were treated with
glyoxal cross linker and heat treated, but were not freeze dried prior to pyrolysis.
Scale bars (A) 2 mm, (B,C) 1 mm, (D) 0. 5mm
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subsequent attachment of Ti wires to form a complete electrode broke most of the
pyrolysed samples. Samples were however an order of magnitude more conductive
than typically used carbon cloth electrodes, down to 25 Ω. Finally, Section 6.2.3
describes modifications to the process involving use of glyoxal cross linking agent to
improve part strength and higher pyrolysis temperatures to improve conductivity. Ti
wire was also attached to the samples before pyrolysis, but the heat treatment led
to embrittlement of the wire. Use of higher temperatures gave marginal decrease in
part resistance and a rougher surface finish. As well as increasing part robustness,
use of the cross linking agent retained internal porosity of printed structures. The
next sections show results of MFC testing with the printed electrodes.
6.3 MFC Testing of Pyrolysed, Regenerated Cel-
lulose+CNF
The methods shown in sections 6.2.2.1 and 6.2.2.2 describe the production of porous,
conductive 3D structured carbon material. These are desirable properties for MFC
electrodes, hence multiple electrodes of varying shape and size were produced for
evaluation. However as discussed in Section 6.2.2.2, the fragility of these electrodes
resulted in most of them breaking when attaching Ti wire, leaving only one for testing.
Comparison against a carbon cloth anode was thus carried out before warranting
further development.
6.3.1 Materials and Procedure
Two MFC’s were set up to evaluate the performance of the printed electrode against
that of conventional carbon cloth electrode. The MFC’s consist of two 25 mL H-
cells each, separated by a proton exchange (Nafion r 117) membrane (Figure 6.15).
The anodic chamber is filled with 20 mL of feed solution (Table 6.2) and 2 mL of
anaerobic sludge from a wastewater treatment plant (Wessex Water, Avonmouth,
UK). The pyrolysed cellulose+CNF with attached titanium wire was used as the
anode. The cathodic chamber was filled with 50 mM of potassium ferricyanide as
catholyte, with a 1.5 x 2 cm carbon cloth cathode with attached Ti wire. The second
MFC was set up using carbon cloth (E-Tek) of the same planar area as the printed
electrode. The anode and cathode of each cell were connected to a a 500 Ω resistor
and to a data logger (Pico Technology, UK) to monitor cell voltage over time. MFC’s
were operated in batch mode, with feed solution replenished on a regular basis once
the voltage output began decreasing. Initial feed solution yielded a chemical oxygen
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Figure 6.15: (A) Schematic diagram of MFC test setup (B) Assembled H-cells with
loaded with artificial waste-water (right) potassium ferricyanide (left) separated by
Nafion membrane for complete MFC. Inset showing attachment to printed electrode
(obscured)
Table 6.2: Artificial Wastewater Components, all per L of deionised water
Component Concentration M.W. Mass/L
(mmol/L) (g/mol) (g)
Ammonium sulfate 2.04 132.1 0.2696
Magnesium sulfate heptahydrate 0.243 246.5 0.0599
Magnesium (II) sulfate monohydrate 0.0355 169.0 0.0060
Sodium bicarbonate 1.55 84.0 0.1302
Iron (III) chloride hexahydrate 0.011 270.3 0.0030
Magnesium chloride anhydrate 0.032 208.4 0.0067
Potassium acetate 100 98.2 9.8150
demand (COD) of 2730 mgL−1. Samples were taken periodically to monitor COD
consumption during MFC operation. Measurement of COD removal allows for the
amount of organic compounds (i.e. the ‘fuel’) consumed or converted by the MFC
to be determined; either converted into electrical current or biofilm [121]. COD
parameters are determined using a test kit (Sigma 37737).
After 12 days, electroactive biofilms are well established on the anodes. The cells
are then drained completely, filled with fresh feed solution and allowed to settle before
generation of polarisation curves. This allows evaluation of anode performance with
regards to the biofilm and feed consumption, as planktonic organisms present in the
sludge can also influence MFC behaviour.
Polarisation experiments were carried out via LSV using a potentiostat (N Series
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Metrohm, Autolab) at a low scan rate (5 mvs−1) with the anode used as working
electrode and cathode used as both counter and reference electrode. Polarisation
refers to the change in electrode potential (in this case MFC voltage) from equilibrium
due to current flow. Polarisation curves are thus plots of voltage as a function of
current or current density [122]. After polarisation experiments, SEM analysis of
anodes was carried out to investigate biofilm growth and attachment.
6.3.2 Results and Discussion
Collected data for these experiments is incomplete in places due to problems arising
from poor wire attachment to the electrode, as well as connectivity to the data logger.
Additionally, with these setups the load resistors were attached in a way requiring
removal when replenishing waste-water feed, causing further issues with connectivity.
Figure 6.16 illustrates the voltage profiles of the MFC’s from start-up. Anodic
potentials of the printed electrode can be seen to be higher throughout. Open circuit
potentials (OCP) of printed and carbon cloth anodes during enrichment were 335 mV
and 255 mV respectively.
Figure 6.17 illustrates higher power and current output of 1.79 µW and 29.6 µA
from the MFC with printed electrode in comparison with carbon cloth, which peaked
at 0.07 µW and 1.27 µA. At higher current flow, the weaker output of the cloth
electrode cannot be sustained and thus gives noisy data in comparison.
SEM analysis also reveals superior biofilm growth and attachment on the printed
electrodes (Figure 6.19). The carbon cloth anode is found to be made up of many
smooth fibres (Figure 6.18) whereas printed electrodes have a rougher non-uniform
surface, which may promote good biofilm attachment. These promising results thus
prompted further work to be undertaken on the methods described in Section 6.2.2.2
for producing printed electrodes.
6.4 MFC Testing of Pyrolysed, Cross-linked Cel-
lulose+CNF
MFC testing of electrodes produced using revised methods of those described in Sec-
tion 6.2.3 was carried out, with some modifications to the setup. In this case, multiple
electrodes were prepared, but due to the limited number of H-cells available, testing
was restricted to one of each size (fine, medium and large printed porosity) with one
additional control cell using carbon cloth as anode.
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Figure 6.16: Voltage profiles of MFCs from start-up phase using artificial waste water
as feed. (i) Printed anode (ii) Carbon cloth anode. Graph incomplete due to data
loss
Figure 6.17: MFC behaviour during polarisation experiment applied via LSV under
500 Ω load with 12 day biofilm. a) Printed anode MFC, b) Carbon cloth anode MFC
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Figure 6.18: SEM imaging of carbon cloth anode after 12 day operation with bacteria
and artificial waste water in MFC. Scale bars (A, B) 50 µm and (C, D) 10 µm
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Figure 6.19: SEM imaging of pyrolysed (800◦C) regenerated cellulose+CNF anode
after 12 day operation with bacteria and artificial waste water in MFC showing su-
perior biofilm growth and attachment. Scale bars (A) 1 mm, (B) 500 µm, (C - F) 10
µm
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6.4.1 Materials and Procedure
Overall MFC construction, feed solution, and electrochemical tests were carried out
following the procedures described in Section 6.3, with some improvements to cathode
construction and resistor attachment. Carbon cloth cathodes were surrounded with
stainless steel mesh, reducing cell resistance and improving cathode connectivity.
Load resistors were attached directly across the datalogger terminals, eliminating
the need to remove and re-attach them during cell refilling. Cells were placed on
a magnetic stirrer to prevent particle settling in the chambers and improve mixing.
COD measurements were taken and feed solutions changed regularly once voltage
output began to decrease.
A second set of polarisation experiments was also carried out after establishing an
average optimal load value. The ideal load resistor for maximum power output of the
MFC’s was calculated using Vmax and Ipeakpower values gathered from the first polar-
isation curves. COD values were then measured prior to changing of feed solutions
and application of new load resistors. Once settled, samples were taken once more for
COD measurement of MFC’s with revised loads, before draining and refilling the cells
for polarisation experiments. SEM analysis was then carried out after completion of
the second set of polarisation experiments.
6.4.2 Results and Discussion
Figure 6.20 shows MFC output voltages over the first 2 weeks of operation. After
initial feed change, MFC’s with printed anodes generated higher potentials, with the
medium electrode (i.e. medium printed porosity) giving the greatest increase. In
comparison, carbon cloth anode output was poor throughout. Figures 6.21A to D
show results of the first set of polarisation experiments, carried out after 10 days
for an external load of 500 Ω. Peak power outputs of carbon cloth, fine and large
pore printed anodes were similar, in the range of 6 - 12 µW. MFC output of medium
pore printed electrode gave the greatest power output overall, slightly over 80 µW.
A summary of initial MFC performances is shown in Tables 6.3 and 6.4. Table 6.5
shows remaining COD values and calculated removal rates, with the printed electrode
of medium porosity proving to be the most efficient.
MFC’s were then loaded with 6 kΩ resistors, calculated to be the average optimal
loading for the four cells. Resulting voltage profiles of MFC’s over the following five
days is shown in Figure 6.22, with voltages of printed anodes improving drastically and
continuously outperforming the carbon cloth anode. Table 6.7 summarises the COD
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Figure 6.20: Voltage profiles of revised MFCs from start-up phase using artificial
waste water as feed. (i) Fine pore printed anode (ii) Medium pore printed anode (iii)
Large pore printed anode (iv) Carbon cloth anode
removal rates of the MFC’s after operating with a 6 kΩ load for 2 days. The medium
pore electrode was found to be the best performing overall, followed by the large and
fine pore electrodes. Although the fine pore electrode has more material in the same
volumetric area, the smaller pore size prevents feed solution from flowing through the
pores as easily and thus became clogged with particulates. The large pore electrode
has less material in a given area, and thus presents less space on which to form a
biofilm. COD removal of all printed electrodes were however improved, increasing by
16.9, 31.1 and 45.2% for fine, medium and large pore electrodes respectively.
Figures 6.23A to D shows results of the second set of polarisation experiments,
summarised in Table 6.6. Mixed results can be seen, with maximum power and
current output of the large pore electrode increasing from 6 to 53 µW and 103 to 576
µA, whilst that of fine and medium porosity electrodes decreased from 11.3 to 8.2
µW and 144 to 120 µA for the fine electrode, and 82 to 30 µW and 845 to 465 µA
for the medium electrode. This may be because the newly applied load rather than
being specific to each cell, was instead taken as an average. The optimal loads for
cloth, fine, medium and large electrodes are found to be 16.25, 6.86, 1.75 and 7.20
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Figure 6.21: MFC behaviour during polarisation experiment applied via LSV under
500 Ω load after 10 days of operation. (a) Fine pore printed anode (b) Medium pore
printed anode (c) Large pore printed anode (d) Carbon cloth anode
Table 6.3: Voltage output of revised MFC’s at startup
Fine 3D Medium 3D Large 3D Carbon cloth
Open circuit voltage (mV) 137 125 132 30
Voltage at 500Ω load (mV) 2.7 5.8 6.9 -0.06
kΩ respectively, and thus the 6 kΩ load is more suitable for the fine and large pore
electrodes.
Finally, SEM analysis revealed superior biofilm attachment on printed electrodes.
Interestingly, different bacterial species can be seen on each one (Figure 6.24).
6.4.3 Summary
Overall, printed electrodes gave superior performance when compared with carbon
cloth electrodes. Early devices although mechanically weak provided promising re-
sults when used as MFC anodes with higher cell potential and power output for
the same given cell volume. This is most likely due to improved conductivity and
surface area leading to improved biofilm attachment and growth, and thus better
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Table 6.4: Behaviour of revised MFC’s on 10th day after polarisation. 500 Ω loading
Fine 3D Medium 3D Large 3D Carbon cloth
Open circuit voltage (mV) 137 125 132 30
Voltage at 500Ω load (mV) 2.7 5.8 6.9 -0.06
Max power output (µW) 11.3 82 6 10
Max current output (µA) 144 845 103 70
Table 6.5: COD values of samples taken on 12th day during voltage drop. Inlet COD
2730 mgL−1
Fine 3D Medium 3D Large 3D Carbon cloth
Measured COD (mgL−1) 2262 1530 2187 2205
COD removal (%) 17.1 43.9 19.8 19.2
Table 6.6: Behaviour of revised MFC’s on 15th day after polarisation. 6 kΩ loading
Fine 3D Medium 3D Large 3D Carbon cloth
Open circuit voltage (mV) 700 700 450 700
Voltage at 6kΩ load (mV) 281 394 383 25
Max power output (µW) 8.2 30 54 5
Max current output (µA) 120 465 576 70
Table 6.7: COD values of samples taken on 15th day during voltage drop. Inlet COD
2247 mgL−1
Fine 3D Medium 3D Large 3D Carbon cloth
Measured COD (mgL−1) 1680 486 771 1860
COD removal (%) 34 75 65 17
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Figure 6.22: Voltage profile of MFCs following feed change and subsequent increase
in load resistance to 6 kΩ. (i) Fine pore printed anode (ii) Medium pore printed
anode (iii) Large pore printed anode (iv) Carbon cloth anode
overall charge transfer. A second version of the electrode was thus produced, with
several improvements on the initial design; better wire attachment and use of a cross
linking agent was used to enhance robustness leading to further increases in cell po-
tentials and power outputs. Cross linked parts revealed connected, internal porous
networks arising from the cellulose regeneration process, which are not present in non
cross linked or freeze dried samples after pyrolysis. Although wire attachment was
improved by inserting into parts before pyrolysis, the high temperatures involved em-
brittled the titanium wire, even when in an inert atmosphere. This could be remedied
with further heat treatment and quenching steps.
Using the Randles-Sevcik equation (previously discussed in Chapter 5, Section
5.2.5.2), active surface area of the printed electrodes were found to be 3.16, 4.8 and
4.5 cm2 for fine, medium and large pore electrodes respectively. One would expect a
higher value for the fine pore electrode, but as previously mentioned, this particular
electrode became clogged, impeding optimal operation. Actual surface area of the
electrode is obviously higher, but true values could not be measured as electrodes
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Figure 6.23: MFC behaviour during polarisation experiment applied via LSV under
6kΩ load after 15 days of operation. (a) Fine pore printed anode (b) Medium pore
printed anode (c) Large pore printed anode (d) Carbon cloth anode
with attached biofilm required gold sputtering for SEM analysis.
6.5 Conclusions
Experiments with printing of gels has led to a new combination of materials and man-
ufacturing processes that allow for 3D printing of biocompatible, porous, conductive
components for use in MFC’s. Cellulose solutions were used as both carbon precursor
and matrix material for extra carbon additives. Dry ice was used to fix printed parts
in place before cellulose regeneration from solution, and subsequent cross linking re-
sulted in robust parts with micrometre scale porosity. Dry ice is easy to transport
and handle with gloves, leaves no residue and is readily available in the laboratory
environment making it suitable for small-scale experiments. For larger applications
this approach could be scaled up by using a refrigerated chamber or Peltier plates
to generate a controlled, cooled surface for printing, as seen in similar printing work
[123].
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Printed components were tested in an electrochemical application as electrode
material for microbial fuel cells. Enhanced conductivity and surface area over tra-
ditional carbon cloth electrodes led to improved MFC performances demonstrating
greater power output and COD removal, however some aspects remain to be ad-
dressed. Due to time and equipment limitations, a thorough study with multiple
samples of each size could not be carried out. Further work isolating different aspects
such as different MFC loads, cellulose and carbon loadings, carbon materials, cross
linking agents, heat treatments, electrode shapes and surface areas, is required to
provide a sufficiently in-depth study on the use of this method of 3D electrode pro-
duction for the particular application shown. Whilst multimeter testing revealed that
produced electrodes are an order of magnitude more conductive than carbon cloth,
thorough conductivity tests of electrodes could not be carried out given the irregular
shapes and internal structures arising from the production method.
Other works demonstrating 3D printed metal electrodes have shown superior per-
formance in MFC’s, but rely on laser sintering of aluminium which is a costly process
[124]. Use of metals in MFC applications in general is still a fairly recent development
[11], as it is generally accepted that they eventually corrode and foul the MFC op-
eration; by-products released from corrosion are usually toxic, and the antimicrobial
properties of copper and silver for example tend to inhibit the electroactive bacteria.
With traits desirable for tissue engineering [125, 126], printing and regeneration
of cellulose via the method shown can easily be adapted towards other applications
such as bioprinting. Other work involving printing of cellulose from solution exist via
in-situ regeneration [59], but parts are of limited resolution and size. High resolu-
tion printing has also been demonstrated using ink jet printing [127]. Additionally,
nanofibrillar cellulose hydrogels have been demonstrated as a suitable culture system
for human stem cells [128].
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Figure 6.24: SEM imaging of cellulose+CNF and carbon cloth electrodes after 15
day operation under 6 kΩ load. Row A, B and C show large, medium and fine pored




The works in this thesis cover a range of new materials and methods which have
been developed for 3D printable parts and devices, with a focus on electrochemical
applications.
7.1 Contributions and Limitations of Work
A novel polymer composite comprised of polystyrene and carbon additives is intro-
duced and used with a typical consumer grade 3D printer with little modification,
allowing production of cheap, stable, reusable electrodes for analytical applications.
Two different working applications are demonstrated including trace metal detection
in aqueous media. Due to the higher resistances and poorer tolerances involved in
comparison to commercially available products, in some cases printed parts may not
be as suitable. However, the presented method gives the possibility for a vast number
of configurations to be designed and tested by the end user, allowing for tailoring
to specific requirements via simple adjustments such as composite additives or part
shape. Further example applications could involve design and production of printed
electrode arrays.
A novel method of printing and regenerating of dissolved cellulose is also shown.
Using dry ice as a simple method to generate a low temperature printing surface
allows for the cellulose to be printed and fixed in place, forming a single structured
component which is subsequently partially regenerated in-situ. Remaining solvents
can then be extracted and recovered using water or methanol, completing the regen-
eration process. With increasing applications of cellulose in tissue engineering, this
method could be used towards scaffold production and bio-printing.
Combining dissolved cellulose with carbon nanofibres allowed for printing of cellulose-
carbon composites. Several post processing steps including cross linking and pyrolysis
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led to production of porous, biocompatible, conductive monolithic carbon structures,
subsequently tested for use as microbial fuel cell electrodes. The increased conductiv-
ity and surface area over conventional carbon cloth electrodes led to significant im-
provements in biofilm growth, power production and COD removal. However there are
several limitations of this approach to MFC electrode production; the heat treatments
involved cause uncontrolled warping of printed components, which are subsequently
not as robust or flexible as their cloth counterparts.
Other contributions made in this thesis were:
• Development of a jerk continuous trajectory generation method based on ex-
ponentials. The method involves approximating trapezoidal or s-curve velocity
profiles to a smoother, exponential based alternative, and can be easily adapted
and applied to virtually any robot or printing device. However, it is limited in
the ability to easily generate trapezoidal acceleration profiles.
• Use of regenerated cellulose as a printing substrate allowed for a flexible, biodegrad-
able electronic device to be produced, demonstrated here as a printed strain
gauge. Further applications could involve development into wearable devices.
• An improvement in the production process of metal alloy filaments for appli-
cation towards 3D printing was also made following metallurgical studies, but
was not explored further given its limited electrochemical applications.
7.2 Future Development
3D printing of metal structures and conductive materials is an area of significant
interest. Construction of medium to large scale printed metal objects is mostly lim-
ited to laser sintering of metal powders. Towards the smaller scale, metal printing
is typically limited to circuitry through use of conductive pastes such as those seen
in devices such as the Voltera V-One developed at the University of Waterloo, or
the Voxel8 from MIT (Figure 7.1), the latter unit costing $9000. A cheap method of
producing small to medium scale metal components is therefore lacking. Although
improvements to metal filament production have been developed in this thesis, prob-
lems experienced with process control causes issues when printing with the filaments
and prevents wider adoption of this method for metal printing. Small sized compo-
nents can be constructed such as those seen in Chapter 4, Section 4.1.1, but further
refinements to the method are required.
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(a) Voltera circuit printer
(b) Voxel8 multimaterial printer
Figure 7.1: Currently available commercial circuit printers
During development of the cellulose gel printing described in Chapter 6, Section
6.1 another possible approach for printed metal structures was found, but was not fully
explored due to time limitations. In an attempt to simultaneously strengthen and
improve conductivity of pyrolysed parts, nickel carbonyl powder (Type 255, 2.45um
particle size) was added to oxcell gels. Two loading ratios were tested, with 0.1 g and
0.5 g of nickel powder mixed with 10 mL of oxcell gel prior to extrusion and pyrolysis
in a tube furnace by heating to 800◦C at a rate of 5◦C per min, holding for 2 hr under
1 L/min flowing Argon. Extrusion was carried out by hand with a syringe, using two
orifice sizes of 0.8 and 2 mm. Figures 7.2 and 7.3 show the resulting pyrolysed parts.
Figure 7.2: Optical micrographs of pyrolysed oxcell/nickel parts with 0.1 g to 10 mL
loading. (A) Part extruded using 2 mm orifice, (B) Part extruded using 0.8 mm
orifice. Scale bars 0.5 mm
The pyrolysis step led to sintering of the nickel micro-particles and shrinkage of the
parts, but curiously the gels with higher loading shrank more and gave a different,
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Figure 7.3: Optical micrographs of pyrolysed oxcell/nickel parts with 0.5 g to 10 mL
loading. (A, B) Part extruded using 2 mm orifice, (C, D) Part extruded using 0.8
mm orifice. Scale bars 1 mm, 0.5 mm, 1 mm and 0.2 mm respectively
more bronze like colour. Parts with higher loading were also much stronger, and
gave metallic conductivity (<1 Ω) when tested with a multimeter. Rupturing of
parts printed with the smaller orifice can also be seen in Figures 7.3C and D. Higher
magnification reveals porosity in the metal structures.
This may present a method of producing printed, porous, conductive 3D structures
via post processing of printed metal-gel dispersions. This merits further experimen-
tation with various metal and/or cellulose loadings or heating profiles. The cellulose
nanofibrils aid dispersion of added particles, use of cross linking agents could thus
possibly reduce shrinkage.
Furthermore, addition of nickel to carbon based electrodes has been shown to
improve performance [129, 130, 131]. Another possible application would be towards
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A.2 Supplementary Figures
Additional images of relevance to other chapters are included here.
A.2.1 Chapter 4 Supplementary Figures
(a) Ink jet printed silver on glass giving
continuity but poor resolution
(b) Ink jet printed silver on glass - zoomed
view
(c) Ink jet printed silver on kapton giving con-
tinuity but poor resolution
(d) Single pass of inkjet printed silver on kap-
ton film
Figure A.1: Ink jet printed silver on glass and kapton substrates, with 8 passes at 18
drops/mm unless otherwise stated
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(a) Ink jet printed silver on baking paper
(b) Ink jet printed silver on glossy photo paper
(c) Ink jet printed silver on matte photo paper
(d) Ink jet printed silver on matte photo paper
Figure A.2: Ink jet printed silver on various paper substrates, with 8 passes at 18
drops/mm
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(a) Ink jet printed silver on silicone at 5, 10, 15 and 25 drops/mm (left to right)
(b) Ink jet printed silver on silicone cast from p4000 sandpaper. Left shows untreated
surface, right shows plasma treated surface
Figure A.3: Ink jet printed silver on silicone substrates
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A.2.2 Chapter 5 Supplementary Figures
Figure A.4: Cyclic voltammograms (scan rate 100 mVs−1) for the ox-
idation of 0.5 mM 1,1’-ferrocenedimethanol in 0.1 M KNO3 at (i)
75/10/10/5 wt% ABS/CNF/graphite/wax core with PP shell (ii) 75/10/10/5
wt% ABS/CNF/graphite/wax core with PLA shell (iii) 78/10/10/2
wt% ABS/CNF/graphite/wax core with PLA shell (iv) 78/10/10/2 wt%
ABS/CNF/graphite/wax core with PP shell
Figure A.5: DPV, modulation 25 mV, step potential 5 mV, modulation
time 0.1 s for the oxidation of 0.5 mM 1,1-ferrocenedimethanol in 0.1 M
KNO3 at (i) 75/10/10/5 wt% ABS/CNF/graphite/wax core with PP shell (ii)
75/10/10/5 wt% ABS/CNF/graphite/wax core with PLA shell (iii) 78/10/10/2
wt% ABS/CNF/graphite/wax core with PLA shell (iv) 78/10/10/2 wt%
ABS/CNF/graphite/wax core with PP shell
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Figure A.6: (A) Cyclic voltammograms (scan rate 100 mVs−1) for the oxidation
of 0.5 mM 1,1’-ferrocenedimethanol in 0.1 M KNO3 at (i) 90/10 wt% PCL/CNF
core with PP shell (ii) 88/10/2 wt% PS/CNF/wax core with PLA shell (iii) 88/10/2
wt% PS/CNF/wax core with PP shell (iv) Graphene-PLA core with PP shell. (B)
Same experiments with (i) 90/10 wt% PCL/CNF core with PLA shell (ii) 90/10 wt%
PS/CNF core with PLA shell (iii) 78/10/10/2 wt% ABS/CNF/graphite/wax core
with PP shell (iv) 78/10/10/2 wt% ABS/CNF/graphite/wax core with PLA shell
Figure A.7: (A) DPV, modulation 25 mV, step potential 5 mV, modulation time 0.1
s for the oxidation of 0.5 mM 1,1-ferrocenedimethanol in 0.1 M KNO3 at (i) 90/10
wt% PS/CNF core with PP shell (ii) 88/10/2 wt% PS/CNF/wax core with PLA shell
(iii) Graphene-PLA core with PP shell (iv) 78/10/10/2 wt% ABS/CNF/graphite/wax
core with PLA shell (v) 78/10/10/2 wt% ABS/CNF/graphite/wax core with PP shell.
(B) Same experiments with (i) Graphene-PLA core with PLA shell (ii) 90/10 wt%
PCL/CNF core with PLA shell (iii) 90/10 wt% PCL/CNF core with PP shell (iv)
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